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ABSTRACT 
 
Animal aggregations – whereby large numbers of animals come together at one place at one 
time – can have dramatic impacts on individuals, populations and ecosystems. In many cases, 
they are also unique forms of animal interaction, and inculde some of the world’s most 
recognised wildlife spectacles. But despite these traits, the causes and consequences of 
animal aggregations are often poorly understood. One such case involves large colonies of 
metallic starlings (Aplonis metallica) that nest together in emergent rainforest trees in 
northern Queensland, Australia. Starling colonies attract a diverse assemblage of wildlife, 
which utilise resources dropped by the starlings. Remarkably, these animal aggregations have 
never been described, and thus broader questions about their influence on ecosystems in 
tropical Australia remain unanswered. My thesis aims to describe this system, begin to 
answer some of these questions, and elucidate broad patterns common to other aggregations 
of animals worldwide. To achieve this, I initially characterise the behaviour of the starlings, 
which nest in single trees each year and raise three broods of young per season. By 
employing diurnal and nocturnal surveys beneath starling colonies, I recorded > 100,000 
animals (of 42 species) in one year. By contrast, far fewer animals were recorded beneath 
nearby random trees not utilised by birds.  
I then conducted surveys and experiments to examine the influence of these visitors (and 
the starlings themselves) on the environment surrounding the colonies. I found that starlings 
create a “dead-zone” beneath their colonies, where no vegetation grows. Mature trees are 
killed by high levels of nutrients in the soils beneath the colonies (in some cases, > 1,000-fold 
higher than soils from the surrounding environment). Greenhouse experiments revealed that 
seedlings can persist in these soils, but exclosure experiments determined that foraging feral 
pigs and bush turkeys soon eliminated seedlings. Thus, the impact of the nesting colony on 
	 2 
the environment beneath the trees depends on an interaction between the starlings 
themselves, and the scavengers that frequent colony sites. 
I also examined how animals locate bird colonies within dense forests. By 
experimentally redeploying a range of stimuli from beneath the starling colonies, I showed 
that animals are attracted to colonies by a range of proximate cues. Different types of stimuli 
attract different types of animals.  For example, predators (dingos and snakes) are attracted to 
fallen nests and the chicks within them, whereas scavengers (cane toads, bush turkeys) are 
attracted to soils and seeds dropped by the starlings. All scavengers and predators appear to 
locate starling colonies based on olfactory cues. 
Given the many predators attracted to the colonies, and the fitness consequences of 
predator ingress into starling colonies, I examined why starlings choose to nest where they 
do. Surveys revealed that the trees used by starlings as colony sites are highly non-random. 
Without fail, they are wide and tall canopy emergents, with smooth bark and branches 
separated from the surrounding canopy. Surveys also revealed that the major predators of 
starlings are predatory snakes, which attempt to climb the trees to feed on the birds. 
Performance experiments on the three most abundant snakes beneath colonies confirmed that 
bark smoothness seriously impedes snake climbing ability. Manipulation of tree attributes 
(attaching coarse bark to the colony tree and providing bridges from surrounding vegetation) 
confirmed that access to the colony by snakes can be influenced by changes in tree attributes. 
Overall, these findings strongly suggest that starlings actively choose colonial nesting sites 
that prevent access (and thus reduce predation) by snakes. 
Finally, I examined the impact of starling colonies on the behaviour and biology of 
individual animals. Camera trapping surveys beneath colony sites revealed that bush turkeys 
avoid colony sites when feral pigs are present (a negative impact), but return in large numbers 
soon after pigs depart – to forage for invertebrates exposed by the pigs (a positive impact). 
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Thus, the net benefit of such interspecific interactions depends on the sum of both positive 
and negative effects. Finally, by marking, spool-tracking and conducting dietary analysis on 
invasive cane toads, I show that the demographics of toads beneath trees are skewed toward 
females and juveniles compared to nearby “road-toads” captured away from the colonies. 
Movement distances of toads from beneath the trees are similar to toads tracked in other 
areas, but net displacements are smaller (toads from beneath the colonies spend all their time 
at the colony trees). Toads from beneath the trees also have different diets than other toads in 
the area, feeding predominantly on beetles compared to ants. Thus, the ability of cane toads 
to exploit natural disturbances like starling colonies may have facilitated their invasion 
success.  
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GENERAL INTRODUCTION 
 
Aggregations of animals are a spectacular form of animal interaction. Typical examples 
common to wildlife documentaries include dens of overwintering garter snakes in North 
America or dramatic migrations of ungulates on Africa’s Serengeti Plain (Shine & Mason 
2004; Kennedy & Kennedy 2014). But despite their spectacular nature, the causes and 
consequences of animal aggregations are often poorly studied. Nonetheless, animal 
aggregations can have a disproportionate influence on individuals, populations and ecosystem 
function (McIntyre & Wiens 1999; Parrish & Edelstein-Keshet 1999). Most aggregations 
occur when a resource is limiting, or when animals must escape lethal abiotic extremes. 
Typical examples include the restriction of some desert dwelling anurans to water-sources, or 
island nesting sites for pelagic birds (Oro & Ruxton 2001; Tingley & Shine 2011). In 
contrast, aggregations driven by food availability tend to be less dramatic. Frugivorous birds 
and primates gather at fruiting trees and scavengers gather at drying pools; but such 
aggregations are short term and involve small numbers of animals (Thiollay & Julian 1998; 
Kennedy & Kennedy 2014). In some cases, aggregations can take the form of massive 
interspecific groups, whereby animals of several species aggregate because of the presence of 
others. Well-known examples include Nile crocodiles aggregating at bottlenecks in rivers 
where wildebeest cross, or bears congregating at salmon spawning sites (Ben-David et al. 
2004; Kennedy & Kennedy 2014). In these cases, there are significant implications for the 
survival rates of the prey species, but also for the predator species attracted to those 
aggregations. More broadly, the sheer mass of animals aggregating at one place at one time 
also has consequences for the environment where the aggregation takes places, as well as 
flow-on effects for ecosystem function. Thus, aggregations present a unique opportunity to 
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investigate a number of evolutionary and ecological questions, at the individual, population, 
and ecosystem levels. 
My research aimed to address a small number of these questions, by studying nesting 
colonies of metallic starlings (Aplonis metallica) and the animals that are attracted to them. 
Metallic starlings are small passerine birds native to New Guinea, the Moluccas, Solomon 
Islands and northern Queensland, Australia (Feare & Craig 2010). Each year, the starlings 
migrate south from New Guinea and nest in large colonies (up to 800 nests) within isolated 
host trees in the Queensland rainforest (Banfield 1917; Magarry 1987; Feare & Craig 2010). 
These aggregations of starlings attract a diverse range of predators and scavengers that utilise 
the resources provided by the colony. I discovered my first starling colony when I was 14 
years old, and witnessed some of the animals congregating beneath the starling’s host tree. 
Eleven years later I embarked on a PhD to (1) characterise this system (which I subsequently 
learned was undescribed) and (2) better understand the dynamics and processes that shape it. 
My research addresses several different (but interrelated) aspects of metallic starling 
aggregations. I initially focus on the birds themselves (the prey). For example, why do 
starlings choose to nest where they do? Is that preference influenced by predation, or other 
factors, and what can we learn about the evolution of nest site selection and coloniality in this 
species? I next focused on the animals aggregating at the colony sites (the predators and 
scavengers). How do these animals locate the resource? How do different species interact 
when utilising the resource and how do they partition that use? I also aimed to investigate the 
consequences of use for the scavengers and predators frequenting the colonies. Do 
individuals utilising the colonies modify their behaviour at times of year when the starlings 
are nesting? Do they consume foods that they otherwise would not, and are there fitness 
consequences linked to this use? Finally, I aimed to investigate the broader influence of 
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starling colonies on the surrounding environment. How does the massive nutrient subsidy (in 
the form of guano and seeds) influence the vegetation and landscape beneath the colony?  
Answers to these questions can offer powerful insights to the study of animal 
aggregations, and set the stage for more detailed investigations into the dynamics of this 
spectacular system. 
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THESIS SYNOPSIS 
 
CHAPTER 1 describes the discovery of a massive aggregation of wildlife beneath nesting 
colonies of metallic starlings. I describe the nesting behaviour of the starlings and spatial 
placement of their colonies within the Lockerbie Scrub rainforest. Over one year of surveys I 
recorded more than 100,000 animals representing 42 species utilising the colony trees. This 
chapter sets the stage for more detailed studies into the dynamics of this system. 
 
CHAPTER 2 describes a unique area of dead vegetation directly beneath the starling 
colonies, which stands in stark contrast to the dense rainforest nearby. I examine the 
mechanisms that create and maintain this dead zone. I conclude that the high nutrient load 
dropped by the starlings in the form of guano is toxic to many plants, but that terrestrial 
scavengers mediate the colony’s impact on vegetation below the tree. 
 
CHAPTER 3 examines how predators and scavengers locate starling colonies within dense 
forest. My results suggest that snakes and cane toads are unlikely to employ spatial memory 
when locating starling colonies. Experimental trials strongly suggest that proximate cues 
(most likely olfactory stimuli) attract animals to the resources dropped by the colony. 
However, different animals cue in on different things; primary consumers are attracted to 
seeds and soil beneath the trees, whereas predators are attracted to fallen nests, eggs and 
starlings chicks. 
 
CHAPTER 4 investigates why starlings choose to site their colonies where they do. I show 
that the trees used by starlings are highly non-random, and are characterised by smooth tall 
trunks, and crowns that are separated from the surrounding canopy. In nocturnal surveys 
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beneath the trees, I recorded > 1,200 snakes of three main species. Those species use the sites 
in different ways, and climbing experiments on bark types of different smoothness strongly 
suggest that birds choose trees that are difficult for snakes to climb. Manipulative 
experiments confirm that changing those attributes can facilitate predator access to the nest. 
The potentially huge consequences of predator ingress to colonies may have placed strong 
selection on stringent colony site criteria in metallic starlings. 
 
CHAPTER 5 documents use of the starling foraging hotspot by different animal species and 
examines their interactions. I find a direct behavioural avoidance of feral pigs by native birds; 
but numbers of bush turkeys are highest directly after pigs have visited the foraging site. I 
speculate that bush turkeys receive a foraging advantage from the pigs, probably through 
access to overturned ground and the invertebrates within. Thus, the impact of these 
interspecific interactions is the sum of both positive and negative effects. 
 
CHAPTER 6 documents use of starling colony sites by invasive cane toads. It reveals that 
the demographic structure of toad populations beneath trees is skewed towards juveniles and 
females. The toads utilising the trees also feed on different prey items than those from nearby 
(random) areas, and toads from the trees have lower net displacements than toads found on 
nearby roads, despite travelling similar distances. Toads beneath the trees are remarkably 
adept at exploiting this natural disturbance, which may have contributed to their invasion 
success. 
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CHAPTER ONE 
 
Communally nesting migratory birds create ecological hot-spots 
in tropical Australia * 
 
* Published in PLoS ONE: 
Natusch DJD, Lyons JA, Brown GP, Shine R (2016) Communally nesting migratory birds 
create ecological hot-spots in tropical Australia. PLoS ONE 11(10):e0162651. 
doi:10.1371/journal.pone.0162651. 
 
 
Photo: Huxley (my son) and I catching snakes beneath starling colonies. 
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ABSTRACT 
 
Large numbers of metallic starlings (Aplonis metallica) migrate annually from New Guinea 
to the rainforests of tropical Australia, where they nest communally in single emergent trees 
(up to 1,000 birds). These aggregations create dense and species-rich faunal “hot-spots”, 
attracting a diverse assemblage of local consumers that utilise this seasonal resource. The 
starlings nested primarily in poison-dart trees (Antiaris toxicaria) near the rainforest-
woodland boundary. Surveys underneath these colonies revealed that bird-derived nutrients 
massively increased densities of soil invertebrates and mammals (primarily wild pigs) 
beneath trees, year-round. Flying invertebrates, nocturnal birds, reptiles, and amphibians 
congregated beneath the trees when starlings were nesting (the wet-season). Diurnal birds 
(primarily cockatoos and bush turkeys) aggregated beneath the trees during the dry-season to 
utilise residual nutrients when the starlings were not nesting. The abundance of several taxa 
was considerably higher (to > 1,000-fold) under colony trees than under nearby trees. The 
system strikingly resembles utilisation of bird nesting colonies by predators in other parts of 
the world but this spectacular system has never been described, emphasising the continuing 
need for detailed natural-history studies in tropical Australia. 
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INTRODUCTION 
 
In most ecosystems, the spatial and temporal distribution of resources drives faunal 
distributions (Hunter et al. 1992; McIntyre & Wiens 1999). All animals live in spatially and 
temporally heterogeneous landscapes, varying greatly in productivity, resource abundance 
and species density. Such heterogeneity is often subtle within habitats, but sometimes, 
concentrations of specific resources create dramatic impacts such that small sites become the 
focus for a high proportion of all faunal activity (Parrish & Edelstein-Keshet 1999). Typical 
examples include aggregations around water bodies in arid landscapes or at nutrient-rich 
patches in nutrient-poor landscapes (Klaus & Schmidg 1998; Letnic et al. 2015). Some faunal 
concentrations are also seasonal, such as Nile crocodiles (Crocodylus niloticus) gathering at 
points in rivers where wildebeest cross, or grizzly bears (Ursus arctos ssp.) congregating at 
salmon spawning sites (Ben-David et al. 2004; Kennedy & Kennedy 2014). These resource 
concentrations can influence vital population parameters such as rates of reproduction and 
survival (Ben-David et al. 2004; Grant & Scholes 2006). Massive aggregations of wildlife 
also are significant for conservation (e.g., vulnerable to threatening processes), management 
(e.g., over-exploitation by hunters) and tourism (e.g., support major tourism initiatives: see 
Parrish & Edelstein-Keshet 1999; Grant & Scholes 2006; Kennedy & Kennedy 2014; 
Kimanzi et al. 2015).  
Despite their spectacular nature and high public profile, these systems sometimes are 
poorly studied. We describe aggregations of wildlife that gather to exploit seasonally 
available resources (nesting colonies of metallic starlings, Aplonis metallica). As in 
communally-nesting African sociable weavers (Philetairus socius) and Peruvian yellow-
rumped caciques (Cacicus cela), the high biomass of birds attracts diverse predators 
(Robinson 1985; Covas 2002). Understanding of ecological factors affecting colonies are 
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well known (Duffy 1983; Covas 2002) – but indirect impacts of colonies on other species are 
poorly known, except for anecdotal accounts (Banfield 1917; Natusch & Lyons 2014). We 
compared the assemblages of animals using colony sites, compared to nearby areas, within 
rainforests in tropical Australia. 
 
 
MATERIALS AND METHODS 
 
Metallic starlings  
Metallic starlings (hereafter referred to as “starlings”) are small glossy-black birds (22 cm;  
61 g), from northeastern Australia (Queensland), New Guinea, the Moluccas, and Solomon 
Islands (Feare & Craig 2010). These birds closely associate with rainforests, feeding 
predominantly on the fruits and seed arils of rainforest trees (Magarry 1987). Between 
November and April starlings nest in large colonies (>1,000 individuals) within single 
emergent trees where they raise young within suspended dome-shaped nests made of bark, 
grasses and small vines (Feare & Craig 2010). Starlings nest in the same trees each season 
(one colony tree remained active for >15 years; D. Natusch unpubl. data). A carpet of fallen 
seeds and bird guano creates an area of open ground (~10 x 14 m) directly beneath each 
colony, where it is common to find fallen eggs and chicks during the breeding season  
(Fig. 1). After the last fledglings leave the nests, the starlings migrate to New Guinea until 
they return the following season (Banfield 1917; Feare & Craig 2010). 
 
Study area 
The Lockerbie Scrub is a 130 km2 area of semi-deciduous notophyll vine forest, at the 
extreme northern tip of Cape York Peninsula in Queensland, Australia (Fig. 2). The 
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vegetation is comprised predominantly of closed rainforest, interspersed with and surrounded 
by open woodlands dominated by Corymbia tessellaris, C. clarksoniana and/or Eucalyptus 
brassiana (Neldner & Clarkson 1995). The climate is highly seasonal, with a mean annual 
rainfall of 1744 mm (range = 1268 to 3184 mm), largely falling during the summer monsoon 
(December to April) while the rest of year remains hot and dry with frequent fires (Bureau of 
Meteorology 2016). 
	 15 
 
 
Figure 1. Communal nesting colonies of Aplonis metallica (metallic starlings) in emergent rainforest 
trees attract other wildlife. (a) a colony tree from ground level, (b) two Morelia amethistina (scrub 
pythons) feeding on A. metallica chicks at a fallen nest at night, (c) birds Alectura lathami (bush 
turkeys) and Probosciger aterrimus (palm cockatoos) under a colony tree by day, and (d) Sus scrofa 
(feral pigs) under a colony tree by day. 
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Figure 2. Map of the Lockerbie Scrub showing the boundary between closed rainforest (grey) and 
open woodlands (white), and location of Aplonis metallica (metallic starling) colonies (black circles). 
 
Seasonal timing 
Based on five years of observations at our field site (2007, 2008, 2013, 2014, 2015), starlings 
begin nesting around mid-November. They remain at the trees for the summer monsoon, 
during which time a pair of starlings raises up to three broods before leaving at the beginning 
of April (based on the presence of eggshells and chicks beneath the colony at three separate 
intervals throughout the nesting season). We defined the “nesting-season” as 11 November to 
1 April (mean timing of nesting at our study site), and the remainder of the year as the “off-
season”. We collected data between November 2013 and April 2015, which consisted of two 
nesting-seasons and the intervening off-season when no starlings were present at the colony 
trees.  
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Spatial distribution of colony trees  
We initially located colony trees from ground level using sight and bird sound (a colony can 
be heard up to 300 m away), but also systematically surveyed the Lockerbie Scrub from a 
helicopter. If a colony tree was located, its location was recorded on a hand-held GPS unit 
(Garmin 60SCx). We then walked to each tree to confirm whether or not a colony was 
present, and estimated tree heights, identified species, and estimated number of nests in the 
colony. We were confident that we located most of the starling nesting colonies in the 
Lockerbie Scrub during our surveys. 
We overlaid colony tree locations onto Regional Ecosystem maps for Queensland in 
QGIS (version 1.8.0) to determine the broad vegetation types at each colony tree (Neldner & 
Clarkson 1995; Sattler & Williams 1999). To establish whether starlings associated with 
colony trees near the rainforest edge, we used QGIS to generate 100 random points within the 
rainforest regional ecosystem and measured the distance of each point to the rainforest edge. 
We compared these to the actual distances of each colony tree to the rainforest edge.  
 
Survey methods 
We used four methods to quantify the abundance and diversity of fauna present at starling 
colonies throughout the year. To test whether faunal concentrations beneath colony trees 
were related to the presence of the bird colony, we also surveyed an identical number of 
nearby trees that were not used by starlings. For each colony tree, we selected a “random” 
tree 100 to 200 m away, and similar to the colony tree in height, girth and, if possible, 
species. Our surveys recorded animals in the “dead zone” (an area of little or no vegetation 
and with large amounts of seed and guano dropped by the starlings above; Fig. 1) beneath 
each colony tree, with a mean area of 10 x 14 m (range = 4 x 8 m to 21 x 22 m). We recorded 
animals under “random” trees in a similar 10 x 14 m area, directly beneath the chosen tree. 
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Where possible we chose random trees with an open understory, to resemble the “dead zone” 
underneath the colony trees. Although on a few occasions the rainforest vegetation did not 
allow a correspondingly large field of view underneath random trees (which may have 
influenced our ability to detect animals), this bias probably had little influence on our results. 
To record faunal concentrations we used the following methods.  
 
Abundance of invertebrates 
We randomly selected four colony trees and four random trees and surveyed them for flying 
and soil-dwelling invertebrates. To record flying invertebrates we stapled a length of Sanli® 
fly-paper (80 x 4 cm) to a tree branch 1.5 m above the ground. We allowed the fly-paper to 
hang freely from the branch for 24 h, and counted all invertebrates adhered to it. We repeated 
this procedure twice during the nesting-season and twice during the off-season. To record soil 
invertebrates, we collected 50 g of soil from two locations beneath each colony tree and each 
random tree (total of 100 g of soil from each tree). We placed the soil in a Tullgren funnel 
beneath a heat-lamp overnight, and counted invertebrates the next morning. We then placed 
the soil in a glass dish and visually located and counted remaining invertebrates.  
 
Abundance of diurnal fauna 
For one year (January to December 2014) we surveyed six of the logistically most accessible 
colony trees in our study area, and their corresponding random trees, using Moultrie 
Panoramic 150™ infrared trail cameras. We deployed cameras with a 150° field of view on 
tree trunks (40 cm above ground) to provide an unobstructed view of either the colony tree or 
the random tree. This method recorded all animals within the 10 x 14 m clear area beneath 
the colony trees, as well as a corresponding area under random trees. To survey multiple trees 
each month, we deployed cameras at a tree for 7 to 10 days. After this period, we removed 
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the cameras, changed their batteries, and deployed them at another site. This way most trees 
were surveyed every month. Cameras were set to motion detection, with a minimum of 5 min 
between successive shots (to minimise multiple photographs of the same individuals). Many 
animals may have spent longer than 5 min under the starling colony, so we included the 
number of photos taken per day as a covariate in our analyses.  
 
Abundance of nocturnal fauna 
Between November 2013 and April 2015 we surveyed a subset of colony trees and nearby 
random trees for nocturnal animals. In the first survey year we visited 12 colonies (and their 
associated random trees) one to five times per week. During our second survey year, we 
regularly visited only eight colony trees and their associated random trees. We conducted 
surveys on foot (1930 to 2230 h) and searched the 10 x 14 m area of ground (and the 
immediate surrounding vegetation) underneath each tree for 1 to 3 min with the aid of a head-
torch. We conducted surveys during the nesting-season and the off-season (but more often in 
the nesting-season, when nocturnal predators were most abundant).  
 
Statistical analyses 
We used analysis of variance (ANOVA) to determine whether colony trees were distributed 
closer to rainforest edges than would be expected by chance. We square-root transformed the 
distance of colony tree locations and randomly generated point distances from the rainforest 
edge to meet assumptions of normality and homogeneity of variance. Because our faunal 
counts of all taxa contained a high proportion of zeros (many surveys recorded no animals, 
while others recorded hundreds), we analysed count data using generalised linear models 
with negative binomial distributions and log-link functions (Zuur et al. 2009). To control for 
multiple counts taken at each tree, we incorporated Tree ID into models as a random effect. 
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To examine differences in faunal counts between seasons (nesting-season vs. off-season) and 
tree types (colonies vs. random trees), these factors, and the interaction between them, were 
also included in the models. Separate analyses were carried out on counts for each of the four 
groups of taxa (mammals, birds, reptiles and amphibians). Faunal count data were analysed 
using the GLIMMIX procedure in SAS v9.4 (SAS Institute, Cary, NC). All other analyses 
were conducted using JMP Pro v11.0 (SAS Institute, Cary, NC). 
 
 
RESULTS 
 
Spatial distribution and attributes of colony trees 
Of 27 starling colonies located in the Lockerbie Scrub, all but one were within rainforest. The 
exception was in woodland on the rainforest edge. Starling colonies were closer to the 
rainforest edge than expected (F1,126 = 6.63, P = 0.01; Fig. 2). Starlings nested in only three 
tree species: poison-dart trees (Antiaris toxicaria 71%), milky pines (Alstonia scholaris 
19%), and Morton Bay ash (Corymbia tesselaris 10%). Colony trees were always tall (mean 
height 25 m; taller than most other trees in the study area: Natusch et al. under review), with 
smooth bark, large trunks and branches separated from the surrounding canopy (Fig. 1). The 
mean number of starling nests per tree was 399 ± 223 SD (range = 33 to 815). 
 
Abundance of invertebrates 
Soil samples from colony and random trees contained abundant isopterans, coleopterans and 
formicidans, while dipterans constituted most flying invertebrates captured by the flytraps. A 
significant interaction between tree type and season confirmed that flying invertebrates were 
more abundant under colony trees than random trees, but only during the nesting-season 
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(F1,18 = 40.0, P < 0.0001; Fig. 3a). Soil invertebrates were most abundant beneath colony 
trees (F1,22 = 70.1, P < 0.0001) and during the nesting-season (F1,18 = 4.54, P = 0.045; 
interaction NS; Fig. 3b). 
 
 
 
 
Figure 3. Faunal abundance under Aplonis metallica (metallic starling) colony and random trees 
during the bird nesting-season and off-seasons. (a) Invertebrates in sticky-trap samples and (b) in soil; 
camera-trap counts of (c) mammals and (d) birds as a function of location (colony trees vs. random 
trees) and season (bird nesting-season vs. off-season). Figures for each taxon show total number of 
individuals recorded (columns) and mean (± SE) values (points) of animals per survey. 
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Abundance of diurnal predators  
Over 880 camera-trap days (20,053 photographs) we identified more than 95,000 animals 
representing 23 species (Table 1). Most (95%) photographs were taken under colony trees 
rather than random trees, because most (99%) animals were recorded beneath colony trees. 
The maximum number of individual animals in a single photograph was 50 under a colony 
tree vs. nine under a random tree. Bush turkeys (Alectura lathami 55%) and feral pigs (Sus 
scrofa 38%) comprised most (93%) animals recorded under trees (Table 1). Cameras 
detected only small numbers of reptiles and amphibians, and always when an endothermic 
animal was also present (presumably, triggering the camera; Table 1). For this reason, and 
because most reptiles and amphibians were recorded during our nocturnal surveys, we 
omitted them from analyses. After correcting for number of photos, we found significantly 
more mammals at colony trees than at random trees, a difference greater during the off-
season than the nesting-season (interaction term: F1,898 = 7.2, P = 0.007; Fig. 3c). Like 
mammals, more birds were recorded at colony trees than random trees (F1,898 = 72.8,  
P < 0.0001), especially during the off-season (F1,898 = 48.5, P < 0.0001; Fig. 3d). The 
presence of mammals was negatively associated with the presence of other birds (i.e., non-
starlings; r2 = 0.04, P < 0.0001).  
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Table 1. Species recorded underneath Aplonis metallica (metallic starling) colonies and nearby 
random trees using camera traps and nocturnal surveys.  
Species 
Camera traps Nocturnal surveys 
Colony Random Colony Random 
Mammals  
 
 
 Pig, Sus scrofa  36,075 235 101 0 
Dingo, Canis lupis dingo 244 34 0 0 
Cattle, Bos taurus 99 12 0 0 
Agile wallaby, Macropus agilis 49 46 0 0 
Cape York melomys, Melomys capensis 15 4 20 2 
Southern brown bandicoot, Isoodon obesulus 
peninsulae 31 16 1 0 
Cape York rat, Rattus leucopus 15 0 6 0 
Short-beaked echidna, Tachyglossus aculeatus 9 9 3 1 
White tailed rat, Uromys caudimaculatus 6 0 3 0 
Horse, Equus ferus caballus 8 5 0 0 
Wild dog, Canis lupis 5 0 0 0 
Spiny haired bandicoot, Echymipera rufescens 0 0 2 0 
Striped possum, Dactylopsila trivirgata 0 0 1 0 
Birds 
 
   
Bush turkey, Alectura lathami 52,609 962 0 0 
Palm cockatoo, Probosciger aterrimus 2,232 2 0 0 
Sulphur-crested cockatoo, Cacatua galerita 2,009 1 140 0 
Emerald dove, Chalcophaps indica 1,094 0 0 0 
Bar-shouldered dove, Geopelia humeralis 293 0 0 0 
Orange-footed scrub fowl, Megapodius reinwardt 264 50 0 0 
Noisy pitta, Pitta versicolor 3 0 0 0 
Red goshawk, Erythrotriorchis radiatus 3 0 0 0 
Buff-breasted paradise kingfisher, Tanysiptera 
sylvia 3 0 0 0 
Rufous owl, Ninox rufa 0 0 22 0 
Grey goshawk, Accipiter novaehollandiae 2 0 0 0 
Blue-winged kookaburra, Dacelo leachii 1 0 0 0 
Reptiles 
 
   
Brown tree snake, Boiga irregularis 0 0 638 1 
Amethystine python, Morelia amethistina 0 0 374 1 
Slaty-grey snake, Stegonotus cucullatus 0 0 224 4 
Water python, Liasis fuscus 0 0 18 0 
Tree dtella, Gehyra dubia 0 0 10 0 
Giant tree gecko, Pseudothecadactylus australis 0 0 8 0 
Brown-headed snake, Furina tristis 0 0 8 1 
Blue-tailed monitor, Varanus doreanus 1 1 1 0 
Black-headed python, Aspidites melanocephalus 0 0 1 0 
Spotted python, Antaresia maculosa 0 0 1 0 
Carpet python, Morelia spilota 0 0 1 0 
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Blind snake, Anilios polygrammicus 0 0 1 0 
Amphibians 
 
   
Cane toads, Rhinella marina 0 0 4,165 3 
White-lipped tree frog, Litoria infrafrenata 0 0 69 2 
Northern banjo frog, Limnodynastes terraereginae 0 0 11 1 
Marbled frog, Limnodynastes convexiusculus 0 0 7 0 
Green tree frog, Litora caerulea 0 0 5 0 
Total 95,070 1,377 5,841 16 
 
Abundance of nocturnal predators 
During 1,982 nocturnal surveys of colony and random trees, we recorded 5,819 animals of  
25 species (eight mammals, two birds, 10 reptiles and five amphibians; Table 1). Cane toads 
(Rhinella marina) (73%) and snakes of several species (22%) comprised most nocturnal 
survey records. Mammals were primarily pigs (n = 101) and Cape York melomys (Melomys 
capensis; n = 20) but with small numbers of other species (Table 1). Mammals were more 
common under colony trees than under random trees (F1,2504 = 24.1, P < 0.0001) and were 
more common during the off-season than the nesting-season (F1,2504 = 32.6, P < 0.0001; 
interaction term NS, P = 0.74; Fig. 4a). Of 162 records of birds surveyed at night under 
colony trees, 140 were sulphur-crested cockatoos (Cacatua galerita) and 22 were rufous owls 
(Ninox rufa). Birds were more common in the off-season than the nesting-season  
(F1,2504 = 16.6, P < 0.0001). Although total counts were lower in the nesting-season, presence 
was higher (interaction NS, P = 0.98; Fig. 4b). We did not record any birds at random trees 
during our surveys (Table 1). There was a significant interaction between tree type and 
season, related to reptile counts (F1,2502 = 20.0, P < 0.0001), with high counts only at the 
colony trees and only during the nesting season (Fig. 4c). Records of anurans under colony 
trees were dominated by cane toads (R. marina; n = 4,165) and white-lipped tree frogs 
(Litoria infrafrenata; n = 69). Like reptiles, anurans were far more abundant beneath colony 
trees than random trees, especially during the nesting-season (interaction term: F1,2482 = 13.5, 
P = 0.0002; Fig. 4d). 
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Influence of colony size on animal abundance 
The number of diurnal mammals beneath colony trees was not affected by the number of 
starling nests in the tree (F1,555 = 1.9, P = 0.17). The same was not true for birds, which were 
recorded in greater numbers beneath trees with more nests, and this effect was more 
pronounced during the nesting-season than the off-season (interaction term: F1,555 = 13.5,  
P = 0.0003). Of the nocturnal animals, only the number of reptiles observed at trees in the 
nesting-season was positively correlated with the number of nests in the colony (F1,982 = 47.2, 
P < 0.0001). All other P-values > 0.05. 
 
 
Figure 4. Abundance of (a) nocturnal mammals, (b) birds, (c) reptiles, and (d) amphibians at colony 
and random trees during the bird nesting-season and off-season. Figures for each taxon show total 
number of individuals recorded (columns) and mean (± SE) values (points) of animals per survey. 
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DISCUSSION 
 
Each year, breeding colonies of metallic starlings alter the spatial and temporal heterogeneity 
of wildlife distributions in the rainforests of Cape York. Our surveys documented 
considerable abundances of soil invertebrates, flying insects, amphibians, reptiles, birds and 
mammals under bird-nesting trees. There were no similar aggregations under otherwise-
similar trees that lacked bird colonies. Moreover, many predators aggregated at colony sites 
only or primarily at times of year when the birds were nesting. The magnitude of the effect 
was extraordinary, with densities of many taxa 100 to 1,000-fold higher under colony trees 
than elsewhere.  
Starling colonies are important for a diverse range of wildlife taxa, which utilise the 
colonies differently. Those differences affect seasonal patterns of abundance. Because the 
soil beneath the colony trees is high in nutrients year-round (due to accumulated guano), soil-
dwelling invertebrates are abundant, even outside the nesting-season (Chapter 2; Fig. 3b). 
Those soil nutrients also promote the year-round growth of roots and seedlings, providing a 
rich resource for herbivores and insectivores – especially in the late dry season, when food 
resources in the surrounding landscape become scarce. Thus, pigs and birds of several species 
(especially bush turkeys) gather beneath the colony-trees primarily in the off-season. High 
abundances of predators during the nesting-season also may threaten herbivores, and 
discourage them from using the areas under bird-colonies during the nesting-season.  
The most common pattern, though, is for species to be most common under bird-nesting 
trees (but not “random” trees) during the time when starlings are present. This pattern holds 
true for flying insects, nocturnally-active amphibians, reptiles, and birds. Most of these 
species obtain food directly via the starlings’ activities. Especially after heavy rain, windy 
conditions cause nests (and entire tree-limbs) to fall to the ground. Predators (snakes, cane 
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toads, dingos, centipedes and birds of prey) feed on fallen starling eggs and nestlings, and 
invertebrates found beneath the trees (Fig. 3). More generally, the temporal and spatial 
fluctuations in animal numbers reflect biotic interactions among the wildlife taxa involved, as 
well as between those species and the metallic starlings. For example, snakes and diurnal 
birds were more abundant beneath the largest colonies because of resources dropped by the 
starlings (e.g., seeds or fallen starling chicks). Other taxa simply utilise the secondary feeding 
opportunities created by the starling colonies (e.g., roots or invertebrates that grow or are 
attracted by the large quantities of bird guano). 
Why are faunal concentrations so high beneath these trees compared to the rest of our 
study area? One plausible explanation is that the position of colony trees near the rainforest 
edge allows utilisation of the resource by taxa inhabiting rainforest and woodland habitats. 
However, most of the taxa utilising the trees are habitat generalists, and the concentrations 
observed are too great to be explained by subtle differences in habitat-specific faunal 
abundance. Furthermore, we did not survey all trees potentially suitable for starlings (because 
we cannot assume we know what attributes the birds require) and thus, colony site location 
may simply be an artifact of tree distribution rather than because starlings actively select 
ecotonal areas for their colony sites. 
A more likely explanation is the ubiquitous nature of spatial and temporal variability in 
resource availability (and thus faunal abundance: Hunter et al. 1992). Most spectacular 
examples of such heterogeneity generally involve escape from lethal abiotic extremes, such 
as communal overwintering dens of snakes to avoid freezing (Shine & Mason 2004) or the 
restriction of some desert-dwelling anuran species to water-sources to avoid desiccation 
(Tingley & Shine 2011; Letnic et al. 2015). Such concentrations of fauna are driven by 
access to a scarce resource, critical for short-term survival. In contrast, aggregations driven 
by food availability tend to be less dramatic. Frugivorous birds and primates gather at fruiting 
	 28 
trees (Thiollay & Jullien 1998), scavengers at drying pools (Kennedy & Kennedy 2014), and 
sharks at whale carcasses (Long & Jones 1996); but such aggregations tend to be short-term 
and involve relatively small numbers of animals. By contrast, the aggregations of wildlife 
under the bird-colony trees in Cape York last for months, are repeated each year, and involve 
massively higher densities of many species than can be found in the surrounding landscape.   
In tropical Australia, the diverse range of animals utilising the starling-colony trees are 
undoubtedly attracted by the feeding opportunities available relative to other areas within the 
broader landscape. The low productivity and poor soils of our study area (Gilbert & Shaw 
1987) increase this resource heterogeneity and thus, the faunal concentrations underneath the 
colony trees. Although this system is unique within Australia in terms of the magnitude of its 
influence, similar examples are widespread. For example, nesting aggregations of silver gulls 
(Larus novaehollandiae) on small islands support dense populations of predatory tiger snakes 
(Notechis scutatus: Bonnet et al. 1999; Bonnet et al. 2002). Communally-breeding penguins 
(Aptenodytes patagonicus) and seals (Arctocephalus gazella) likewise support dense 
populations of marine predators (Boveng et al. 1998; Ainley et al. 2005). Marine birds and 
mammals often nest communally, because of limited terrestrial breeding sites within vast 
areas of oceanic feeding grounds (Coulson 2002). For passerines, colonies of sociable 
weavers (Philetairus socius) in southern Africa and yellow-rumped caciques (Cacicus cela) 
in Peru are utilised by snakes and primates (Robinson 1985; Covas 2002). Although these 
systems are superficially similar, the numbers and diversity of animals attracted to the 
colonies are relatively small compared to the starlings in our study. The most unique aspect 
of the starling system is its tiny point source (mean 140 m2 beneath colony trees). To our 
knowledge, this system represents one of the highest-biomass (up to 25 kg/m2 of pigs; based 
on a mean mass of 70 kg) and most diverse faunal aggregations in the world (42 different 
species; Table 1).   
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Starling colonies in northern Australia provide an ideal system for asking ecological and 
evolutionary questions. Future research could usefully explore how and why starlings choose 
their nesting sites, how animals locate colony trees, or how far they travel to reach them. The 
high concentrations of animals around starling colonies suggest that there are fitness benefits 
associated with utilisation of this nutrient subsidy. Plausibly, starling colonies increase the 
number of animals that can be supported by the habitat, which also makes these trees 
disproportionately important for conservation (Kennedy & Kennedy 2014). High 
concentrations of invasive species (feral pigs and cane toads) utilising the starling colonies is 
particularly noteworthy. Targeted control of feral animals at colony sites could improve 
conservation outcomes. To assist conservation endeavours, the spectacular nature of these 
animal concentrations and predator-prey interactions provide an opportunity to educate the 
public about the ecology of Australian tropical rainforests. Enthusing the general public about 
wildlife, and the dynamic nature of ecosystems, can play a critical role in building support for 
conservation initiatives. Our recent discovery of this phenomenon emphasises the need for a 
continued role of naturalists in better understanding the Australian tropics.   
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CHAPTER TWO 
 
Biotic interactions mediate the influence of bird colonies on 
vegetation and soil chemistry at aggregation sites * 
 
 
*Published in Ecology: 
Natusch DJD, Lyons JA, Brown G, Shine R (2016) Biotic interactions mediate the influence 
of bird colonies on vegetation and soil chemistry at aggregation sites. Ecology 98:382-392. 
 
 
Photo: Rick and I taking bets on who can climb 40 m into the canopy the fastest. 
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ABSTRACT 
 
Colonial-nesting organisms can strongly alter the chemical and biotic conditions around their 
aggregation sites, with cascading impacts on other components of the ecosystem. In tropical 
Australia, metallic starlings (Aplonis metallica) nest in large colonies far above the forest 
canopy, in emergent trees. The ground beneath those trees is open, in stark contrast to the 
dense foliage all around. We surveyed the areas beneath 27 bird-colony trees (and nearby 
randomly chosen trees lacking bird colonies) to quantify the birds’ impacts on soil and 
vegetation characteristics, and to test alternative hypotheses about the proximate mechanisms 
responsible for the lack of live vegetation beneath colony trees. Nutrient levels were greatly 
elevated beneath colony trees (especially, those with larger colonies), potentially reaching 
levels toxic to older trees. However, seedlings thrived in the soil from beneath colony trees. 
The primary mechanism generating open areas beneath colony trees is disturbance by 
scavengers (feral pigs and bush turkeys) that are attracted in vast numbers to these nutrient 
hotspots. Seedlings flourished within exclosures inaccessible to vertebrate herbivores, but 
were rapidly consumed if unprotected. Our results contrast with previous studies of colonies 
of seabirds on remote islands, where a lack of large terrestrial herbivores results in bird 
colonies encouraging rather than eliminating vegetation in areas close to the nesting site. In 
our continental study system, scavengers may rapidly dilute the spatial heterogeneity 
generated by the massive nutrient subsidy from bird colonies. 
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INTRODUCTION 
 
Aggregations of animals at the same site for prolonged periods of time can cause dramatic 
changes in features of the local habitat, including soil properties, vegetation structure and 
composition (Garcia et al. 2002; Ellis 2005). Several processes contribute to those changes. 
For example, animals can mechanically disturb vegetation and soil via trampling, burrowing, 
or by stripping plants (Sobey & Kenworthy 1979; Vidal et al. 1998; Mulder & Keall 2001; 
Havik et al. 2014). Additionally, guano and organic matter deposited by animals can modify 
soil properties by concentrating nutrients (gathered from a wide area in the surrounding 
environment) into aggregation sites (Ellis 2005; Wait et al. 2005; Garcia et al. 2011; Otero et 
al. 2015).  
The impact of animal aggregations on habitat characteristics has been intensively studied 
in communally breeding birds. Typically, the primary effect of bird colonies on surrounding 
habitat is to increase plant growth and size, productivity, nutrient content, coverage and 
diversity (Anderson & Polis 1999; Garcia et al. 2002; Ellis 2005; Young et al. 2011; Zolkos 
et al. 2013). In other cases, however, bird colonies reduce rather than increase plant coverage 
and species richness, with complex floral assemblages replaced by a few nutrient-demanding 
(often, invasive) species (Sobey & Kenworthy 1979; Ishida 1996; Vidal et al. 1998; Ellis 
2005; Kolb et al. 2012). The direction and magnitude of bird effects on terrestrial 
environments are affected by factors associated with the colonies themselves (e.g., density of 
nests) as well as by characteristics of the sites. For example, larger colonies of gulls and 
cormorants have more impact on soil nutrient concentrations, and thus on vegetation 
composition and plant germination success (Ishida 1997; Ellis et al. 2006).   
Most previous studies on this topic have focused on sea-bird colonies, and commonly on 
small islands (Smith 1978; Sobey & Kenworthy 1979; Norton et al. 1997; Vidal et al. 1998; 
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Anderson & Polis 1999; Ellis 2005; Wait et al. 2005; Ellis et al. 2006; Young et al. 2011; 
Baumberger et al. 2012; Otero et al. 2015). Such sites are distinctive in several ways, 
including their existing vegetation, a depauperate terrestrial vertebrate fauna, and the marine 
source (and thus, chemical composition) of the nutrients transferred to these terrestrial 
habitats (Vidal et al. 1998; Ellis 2005; Wait et al. 2005). By contrast, no studies have 
explored the impacts of terrestrial bird colonies on tropical forest habitats, where resources 
are gathered from the surrounding terrestrial environment (Ellis 2005; Zolkos 2012). Here, 
we investigate the impacts of breeding colonies of metallic starlings (Aplonis metallica) on 
the ground-level environment in rainforests of tropical Australia. Each wet-season, vast 
numbers of starlings (sometimes > 1,000 individuals per colony) nest communally in 
emergent rainforest trees (larger and separate from the surrounding canopy); typically, 
starlings use the same trees each year (Chapter 1). Disturbances in tropical rainforests 
frequently stimulate abundant plant growth (e.g., prolific plant growth in sun-drenched 
canopy gaps after tree-fall), suggesting that seasonal disturbance by starling colonies might 
have a similar effect (Hubbell et al. 1999; Kricher 2011). Paradoxically, however, the area 
beneath starling colonies is devoid of vegetation, with the remnants of now-dead rainforest 
trees creating a dead zone that stands in stark contrast to the dense rainforest nearby. Within 
these areas, a diverse range of fauna aggregate to feed on seeds, roots, seedlings and 
invertebrates in the nutrient-rich soil (Chapter 1).  
Why is the ground beneath starling colonies devoid of living trees, despite the massive 
nutrient input from bird droppings and fallen nests? Plausibly, those nutrient levels may be so 
high as to be toxic to plants. Alternatively, the high densities (up to 25 kg/m2; Chapter 1) of 
species that gather to forage beneath colony trees (mainly feral pigs Sus scrofa, and native 
bush turkeys Alectura lathami) also may create (or maintain) the dead-zone (Havik et al. 
2014). In this paper, we explore the processes that create the “dead-zone” beneath colonies of 
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metallic starlings. Specifically, we ask: (1) How do starlings impact characteristics of the 
substrate and vegetation assemblage beneath their colonies? (2) Do these impacts depend 
upon the size of a starling nesting colony? and (3) What roles do soil chemistry and animal 
foraging play in creating the distinctive habitat beneath colony trees?  
 
MATERIALS AND METHODS 
 
Study system 
Our study took place in the Lockerbie Scrub, near the town of Bamaga, at the northern tip of 
Cape York Peninsula, Australia (10°50’S, 142°25’E). Lockerbie Scrub is a 130 km2 area of 
semi-deciduous notophyll vine forest situated on the Carnegie Tableland. The vegetation is 
comprised predominantly of closed rainforest, interspersed with and surrounded by open 
woodlands dominated by Corymbia tessellaris, C. clarksoniana and Eucalyptus brassiana 
(Neldner & Clarkson 1995). Precipitation is highly seasonal, with a mean annual rainfall of 
1,744 mm largely falling during the summer monsoon (“wet-season”, December to April) 
while the rest of year is hot and dry (Bureau of Meteorology 2016).  
Between November and April each year, vast numbers of metallic starlings (Aplonis 
metallica) arrive in the Lockerbie Scrub from New Guinea and nest communally in emergent 
rainforest trees (Natusch et al. 2016). The birds nest in the same trees each season (one 
colony tree has been used annually for at least 15 years; D. Natusch unpubl. data). Starling 
nests are dome-shaped, and usually attach to one another to form large clumps surrounding 
all available branches of the trees (Feare & Craig 2010). During the day, the adult starlings 
spend their time attending to their nests and young. The ground beneath each colony is 
devoid of vegetation, and covered in a carpet of fallen seeds and bird guano that creates an 
open moonscape in stark contrast to the surrounding rainforest (Fig. 1). 
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Figure 1. A metallic starling (Aplonis metallica) colony tree at our study site (left), showing the large 
dead zone and canopy gap surrounding the tree vs. a nearby random tree (right), showing typically 
thick rainforest understory and canopy. 
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Surveys of vegetation 
Using a mixture of ground-based and helicopter-based surveys, we located 27 starling colony 
trees at our study site. At each colony, we scored environmental characteristics beneath the 
tree. First, we measured the length and width of the “dead-zone” beneath the tree using a 
flexible measuring tape. We defined the edge of the dead zone to be the point at which live 
tree densities and substrate type (leaf litter) resembled those of the surrounding rainforest. We 
then characterised each site as having an “up-slope” and a “down-slope”, depending on the 
gradient of the topography. For trees on flat ground, we defined “down-slope” as the 
direction with the greatest number of nests (due to nest distribution within the tree, plus the 
direction in which the tree was leaning). Along each slope axis we ran two 24 m transects 
beginning at the base of a colony tree, using a flexible measuring tape. At 3, 10, 17 and 24 m 
intervals along this transect we established a 3 x 3 m quadrat (for a total of 4 quadrats per 
transect, 8 quadrats per tree). We chose these distances to encompass the variation in 
vegetation and soil structure over the gradient between the dead zone and the surrounding 
forest. Within each quadrat we recorded: (1) % canopy cover, (2) % vegetation cover, (3) 
number of live stems (including seedling, saplings and mature trees), (4) number of dead 
stems, and (5) number of major trees (>20 cm in diameter at breast height). Finally, we also 
counted the number of nests in the branches of the colony directly above each quadrat, and 
quantified the proportion of ground within each quadrat covered by seeds and fallen nests  
vs. other (undisturbed) substrate types. Collectively, we considered these variables to be 
vegetation measures. 
To explore how starlings influence the terrestrial environment beneath their colonies, we 
repeated the above procedure at nearby trees that were not used by starlings. For each colony 
tree, we selected a random tree 100 to 200 m away, and similar to the colony tree in height, 
girth and (if possible) species. We selected random trees by spinning a pencil and letting it 
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fall to the ground to determine direction to the random tree. We then used a random number 
generator to produce a number between 100 and 200 and walked the resulting number of 
paces in the direction indicated by the pencil. The random tree was deemed to be the one 
closest to the point at which we stopped, and that had a diameter at breast height (dbh) > 70 
cm (because all colony trees were wider than 70 cm dbh). Although colony trees nonetheless 
were larger in diameter than random trees (110 ± 33 cm vs. 90 ± 18 cm: t39 = 4.10, P = 
0.0002), tree width above the 70 cm threshold value was not significantly correlated with any 
of the other variables we measured; and thus, differences in tree size between colony and 
non-colony trees are unlikely to have influenced our results). 
 
Mass of material dropped by starlings 
To collect guano and seeds falling to the ground beneath starling colonies, we placed 20 L 
plastic buckets directly beneath colony trees, and weighed the contents after leaving them in 
place for 24 h. We repeated this procedure three times at three colony trees and once at 
another colony tree, for a total of ten samples. We also repeated the procedure at nearby 
random trees, as well as at colony trees during the off-season (when the birds were not 
nesting), for a total of 30 samples. 
 
Analysis of soils 
To examine the micronutrient composition of soil from beneath the colony trees we collected 
100 g of soil from beneath each of 10 starling colonies, and corresponding samples from 
beneath 10 nearby random trees. At each tree we first removed the top 50 mm of topsoil, and 
then collected four soil cores (each approximately 25 g) from different points around the 
colony and random trees. We collected cores from 100 mm depth, with four sampling points 
on each side of the tree (up-slope, the down-slope and either side). We pooled the four 
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samples collected under each tree to provide a single 100 g sample for each tree. Each 100 g 
sample was analysed for its nutrient compositions by the Environmental Analysis Laboratory 
(EAL) of Southern Cross University using the RA-PACK-001 analysis package (see 
supplementary material in Appendix 2 or http://scu.edu.au/eal/index.php/23 for further 
methodological details). 
To assess how the attributes of the trees themselves might influence the terrestrial 
environment beneath starling colonies, we also recorded: (1) tree height, (2) diameter at 
breast height, (3) number of trees within a 10 m radius of the colony trees, (4) % canopy 
cover in a 10 m radius surrounding the crown of the colony tree, (5) mean height of the 
surrounding trees in a 10 m radius of the colony tree, and (6) total number of bird nests in the 
colony. 
 
Experiments on seedling growth  
We conducted a greenhouse experiment to evaluate germination rates of plants growing in 
soil taken from beneath colony trees vs. from beneath nearby randomly chosen trees (see 
above). We collected soil from the first 10 cm depth of soil beneath five colony trees and 
mixed them in a plastic container. The same procedure was followed for soil from beneath 
randomly chosen trees. We sieved soil samples to remove large roots, twigs and large seeds 
and filled 10 garden pots (50 x 50 mm) with soil from beneath colony vs. random trees 
 (n = 10 pots per treatment). Within each container we placed a fresh seed of the most 
commonly-encountered species (native nutmeg, Myristica insipida, collected from beneath 
starling colonies) 1 cm beneath the soil surface. Containers were kept outside in a cool 
shaded area (mean 21°C at night to 32°C during the day), and provided with 100 mL of water 
twice per week during the wet-season, and 50 mL once per week during the dry-season. We 
continued the experiment until all seedlings had reached 10 cm in height (approximately  
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four months). 
In addition to the greenhouse setting, we repeated the experiment under natural 
conditions to test whether seedlings in soils from beneath colony trees would germinate. This 
involved redeploying one 20 L bucketful of soil from beneath three colony trees to nearby 
random locations in the surrounding rainforest. We cleared an area of ground and evenly 
spread the soil in a 1 m2 plot. We did not sieve seeds from the soil, because we were 
interested in testing whether any seeds present in the soil were able to establish and grow in 
areas away from the colony trees. We quantified all seedling growth at these three sites after 
two months, and then again after one year.  
 
Exclusion experiments 
To assess the impact of foraging animals on seedling growth, we created 1 m2 exclosures 
beneath five starling-colony trees. Exclosures consisted of four vertical steel posts buried  
500 mm into the ground, supporting a cage of steel mesh 200 mm high. On each side we 
buried the mesh 100 mm beneath the soil, using steel pegs to hold it in place. The mesh size 
(50 x 50 mm) prevented access to large animals, but allowed invertebrates and rainfall to 
penetrate the exclosure. Four more steel posts were buried 5 m from each exclosure to create 
another 1 m2 area, but without the enclosing mesh (as procedural controls). We counted the 
number of seedlings within the exclosures and controls at two month intervals for one year. 
 
Data analysis 
Because the attributes of vegetation and soils that we measured contained many highly 
correlated variables, we used Principal Components Analyses (PCA) to reduce 
dimensionality of vegetation and soil measures. In cases where variables were not normally 
distributed, we applied log10 transformations to meet assumptions of the analysis.  
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To analyse vegetation traits under all trees, we performed a linear mixed model using the 
first principal component (PC1) formed from the five characteristics measured (see above) as 
the dependent variable. As independent variables, we included fixed effects of tree type 
(colony vs. random), slope direction (up-slope vs. down-slope), and quadrat distance from the 
colony tree as a covariate. We included Tree ID nested within Tree Pair as a random effect in 
the model to eliminate pseudoreplication (multiple samples at each tree). To explore 
differences in vegetation characteristics among colony sites only, we removed data collected 
from random trees and repeated the PCA. We performed a linear mixed model (LMM) on 
this PC1 against fixed effects of the number of nests in the branches above each quadrat, the 
proportion of ground covered by seeds and guano, slope direction, and quadrat distance. We 
included Tree ID as a random effect in the model. 
To explore the factors influencing variability in soil chemistry between trees, we 
modelled the first principal component (PC1) produced by the PCA on soil characteristics 
against the six attributes of trees (height, diameter, # trees within 10 m, % canopy cover, 
height of trees within 10 m, and # nests) in a multiple regression. We used a model selection 
approach to rank all possible models (including two-way interaction terms) based on AICc 
values.  
Our data from the exclusion experiment contained a high proportion of zeros (many 
surveys scored no seedlings). Therefore, to assess the effects of time and treatment (exclosure 
vs. control) on number of seedlings we analysed the data using a generalised LMM with a 
Poisson distribution and log-link function. Tree ID was included in the model as a random 
effect and we used an autoregressive error structure for the model. We conducted analyses 
using SAS v9.4 and JMP Pro v11.0 (SAS Institute, Cary, NC). 
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RESULTS 
 
Surveys of vegetation  
The mean area of the dead zone beneath starling colonies was 140 m2 (SD = 123; range =  
35 to 483 m2). The first principal component produced by PCA explained 47% of the 
variation in vegetation characteristics in our data set, with all variables exhibiting similar 
loading strengths along this axis. Variables associated with higher vegetative cover (i.e., 
canopy cover, vegetation cover and number of live stems) loaded positively, while those 
indicative of lower vegetative cover (numbers of fallen nests, nests overhead and dead stems) 
loaded negatively (Supplementary Table S1). A linear mixed model on PC1 (with tree type 
[colony vs. random] and slope direction as factors, and distance of quadrat to base of tree as 
the covariate) revealed significant interactions between these factors (interaction term for tree 
type and slope direction, F2,414 = 36.2, P < 0.0001) both of which were strongly influenced by 
distance to the base of the tree (interaction term for quadrat distance and tree type,  
F2,414 = 175.3, P < 0.0001; interaction term for quadrat distance and slope direction,  
F2,414 = 14.4, P = 0.0002). In general, canopy cover, vegetation cover, the number of live 
stems, and the number of major trees increased with increasing distance from the base of a 
colony tree, while the number of dead stems decreased (Figs. 2 and 3). This was true in both 
slope directions, but was more pronounced on the down-slope (Figs. 2 and 3). By contrast, 
these same attributes did not change significantly with increasing distance from the random 
trees, regardless of slope (Figs. 2 and 3).  
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When we limited analysis to the trees containing bird colonies, a PCA on vegetation 
characteristics produced a first principal component that explained 48% of the variation in the 
raw data. The strength and loading direction of all variables was similar to the analysis above 
(Supplementary Table S1). A subsequent LMM on the first principal component confirmed 
and expanded the results found in the larger dataset. Slope direction (F1,207 = 14.2,  
P = 0.0002) continued to influence vegetation (as above), and floral characteristics were 
strongly affected by the distance of the quadrat from the base of the colony tree (F1,207 = 17.5, 
P < 0.0001), the number of nests in the branches directly above each quadrat (F1, 207 = 11.0,  
P = 0.001) and substrate type (F1,207 = 47.8, P < 0.0001; Fig. 4). 
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Figure 2. Vegetation characteristics within 3 x 3 m quadrats at increasing distances from the base of 
colony trees used by metallic starlings (Aplonis metallica). Negative distances on the x-axes represent 
the area down-slope of tree, while positive distances reflect the up-slope. The panels show (a) % 
canopy cover, (b) the number of dead stems, (c) % of the quadrat covered by vegetation, and (d) the 
number of live stems within quadrats beneath trees. Circles show data for bird-colony trees, whereas 
dots show data from nearby “control” trees that did not contain bird colonies. All graphs show mean 
values and associated standard errors.   
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Figure 3. Vegetation, substrate and nest characteristics within 3 x 3 m quadrats at increasing distances 
from the base of colony trees used by metallic starlings (Aplonis metallica). Negative distances on the 
x-axes represent the area downslope of tree, while positive distances reflect the upslope. The panels 
show (a) the number of starling nests that had fallen from colony trees, (b) the number of nests in 
branches directly above the sampling area, (c) the number of “major” (> 200 mm diameter) trees, and 
(d) the percentage of ground covered by seeds (grey columns), nests (black columns) and leaves 
(white columns). Circles show data for bird-colony trees, whereas dots show data from nearby 
“control” trees that did not contain bird colonies. All graphs show mean values and associated 
standard errors. 
 
  
# 
fa
lle
n 
ne
sts
0
5
10
15
20
25
Distance from colony tree (m)
−30 −20 −10 0 10 20 30
Colony 
Random 
# 
ne
sts
 o
ve
rh
ea
d
0
20
40
60
80
Distance from colony tree (m)
−30 −20 −10 0 10 20 30
# 
m
ajo
r t
re
es
0
0.2
0.4
0.6
0.8
1.0
Distance from colony tree (m)
−30 −20 −10 0 10 20 30
Pr
op
or
tio
n 
of
 su
bs
tra
te
 (%
)
0
20
40
60
80
100
Distance from colony tree (m)
-24 -17 -10 -3 3 10 17 24
a) b)
c) d)
	 49 
 
 
 
 
Figure 4.  Relationship between vegetation characteristics (based on principal component scores for 
multiple measures of vegetation characteristics) beneath colony trees used by metallic starlings, as a 
function of (a) quadrat distance from the base of the metallic starling (Aplonis metallica) colony tree, 
(b) proportion (%) of fallen seed and nest cover in quadrat beneath the colony tree, and (c) the number 
of nests in the colony tree directly above each quadrat. 
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Analysis of soils 
The chemical composition of soils from beneath the colony trees differed strongly from that 
of soils from beneath nearby random trees. Most nutrients occurred at massively higher 
concentrations beneath colony trees (some up to 100-fold; Table 1). The first principal 
component produced by a PCA on soil chemistry explained 72% of the variability in the 
dataset. All nutrients loaded strongly on the positive end of this axis except for aluminium, 
iron and hydrogen; levels of these three nutrients did not differ significantly between colony 
and random trees (Table 1). Based on a model selection process, the characteristics of trees 
that most affected soil PC1 were best captured in a model containing only a single predictive 
variable (the number of bird nests in the tree). Trees with more nests had higher 
concentrations of nutrients in the soil beneath them (F1,18 = 182.4, P < 0.0001; Fig. 5). The 
AICc for this model (68.3) was substantially lower than the AICc for the second ranked 
model (94.5), which contained only % canopy cover as an independent variable. 
 
 
Figure 5. Chemical composition of the soil (based on principal component scores for multiple 
measures of soil nutrients) beneath colony trees used by metallic starlings and nearby random trees, as 
a function of the number of bird nests in the tree. Positive principal component scores indicate soils 
with high concentrations of most nutrients, whereas low PC scores indicate soils with low nutrient 
concentrations.  
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Table 1. Comparison of the chemical composition of soils from beneath starling colony trees and 
random trees (n = 10 of each tree type; 20 total). Units are in mg/kg soil dry mass unless otherwise 
stated. Analysis of these differences are reported in the text, but for ease of interpretation we have 
included results of paired t-tests to highlight the differences in soil nutrient composition between tree 
types (without correction for multiple testing). 
 
 
Colony Random 
   
Nutrient Mean SD Mean SD t-test df P 
Calcium (mg/kg) 4061.8 1570.2 1167.1 753.2 -5.4 16.8 <0.0001 
Magnesium (mg/kg) 2255.2 860.6 308.1 153.3 -9.2 17.9 <0.0001 
Potassium (mg/kg) 3545.8 1757.8 121.7 72.5 -11.8 18 <0.0001 
Phosphorus (mg/kg) 290.3 205.3 8.6 5.8 -9.6 17.2 <0.0001 
Nitrate Nitrogen (mg/kg) 111.8 52.2 34.7 16.8 -5.5 17.8 <0.0001 
Ammonium Nitrogen (mg/kg) 129.3 122.9 33.2 15.2 -3.9 12.5     0.002 
Sodium (mg/kg) 324.8 212.2 40.8 16.8 -8.7 17   0.0011 
Sulfur (mg/kg) 65.6 22.3 13.8 5.1 -9.1 17.9 <0.0001 
pH  7.1 0.4 6.1 0.5 -5.6 17 <0.0001 
Conductivity (ds/m) 0.9 0.4 0.1 0 -9.6 17.5 <0.0001 
Organic Matter (%) 41.4 14.4 7.9 3.7 -8.1 17.8 <0.0001 
Aluminium (mg/kg) 4.4 1.9 6.5 4.2 1.6 17.8       0.94 
Hydrogen (mg/kg) 1 3.1 2.2 2.1 1.2 15.7       0.26 
Effective Cation Exchange 
Capacity (cmol+/kg) 
78.2 19.8 15.1 7.4 -9.1 12.8 <0.0001 
Zinc (mg/kg) 17.1 8 1.6 1.4 -7.5 12.9 <0.0001 
Manganese (mg/kg) 78.5 47.6 19.8 20 -4 17.9   0.0007 
Iron (mg/kg) 301.4 178.1 239.9 177.5 -0.7 17.1       0.52 
Copper (mg/kg) 4.6 2.1 0.9 0.3 -7.6 17.6 <0.0001 
Boron (mg/kg) 5.8 2.9 1.5 0.5 -6.2 12.5 <0.0001 
Silicon (mg/kg) 61.4 29.2 27.6 15.8 -2.9 15.9   0.0095 
Total Carbon (%) 23.6 8.2 4.5 2.1 -8.1 17.8 <0.0001 
Total Nitrogen (%) 1.5 0.5 0.3 0.1 -7.8 18 <0.0001 
Carbon/Nitrogen Ratio 16.3 1 14.1 1.8 -3.5 14.1   0.0019 
Chloride Estimate (ppm) 576 247.7 80.7 32 -9.6 17.4 <0.0001 
 
*See supplementary material in Appendix 2 or http://scu.edu.au/eal/index.php/23 for detailed 
explanation of the methods used to calculate these soil nutrient results. 
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Mass of material dropped by starlings 
As expected, more bird guano and seeds were dropped beneath trees during the nesting 
season, but only at colony trees (Fig. 6). Non-zero values for random trees and during the  
off-season are due to twigs and leaves falling into buckets (rather than guano or seeds).  
 
 
 
Figure 6. Mean mass of material dropped at metallic starling (Aplonis metallica) nesting colonies and 
nearby random trees during the season when the birds are nesting and when they are not. The graph 
shows mean values and associated standard errors. 
 
Experiments on seedling growth  
Germination rates of nutmeg seeds planted in soil from beneath colony trees did not differ 
significantly from those planted in soil from beneath random trees (colony = 7/10 and 
random = 6/10: χ2 = 0.22, df = 1, P = 0.64). All germinated seedlings were still alive after six 
months. 
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After one month, redeployed soils collected from beneath colony trees contained many 
germinated seedlings. The number of seedlings decreased over the dry season, but after one 
year many large seedlings still survived in the three 1m2 plots (mean = 23; SD = 12.7). 
 
Exclusion experiments 
By July, all seedlings beneath the colonies trees had been eaten or killed by rooting pigs and 
bush turkeys (Fig. 7). The only seedlings that remained were within our exclosures. 
However, during the late dry season (November), pigs eventually dug under all of the 
exclosures and consumed the remaining seedlings. Thus, this final month was excluded from 
our analyses. The LMM revealed a significant interaction between time and treatment  
(F3,40 = 18.07, P < 0.0001). The number of seedlings was higher in exclosures than in control 
areas, especially during the wet-season (January to May; Fig. 7). 
 
 
Figure 7. Number of seedlings within exclosures vs. control sites beneath nesting colonies of metallic 
starlings, at different times of the year. Note: low values for exclusion enclosures after July were due 
to feral pigs destroying the exclosures to access the seedlings and soil within. The graph shows mean 
values and associated standard errors. 
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DISCUSSION 
 
Like other communally breeding birds, metallic starlings massively influence the terrestrial 
environment beneath their arboreal colonies (Ellis 2005). In contrast to many other birds, 
however, the starlings’ influence on the surrounding vegetation is exclusively negative (Vidal 
et al. 1998; Ellis 2005; Young et al. 2011; Zolkos et al. 2012). In most cases, death of all 
plants creates an area of zero vegetation and canopy cover directly below the colony (Smith 
1978; Sanchez-Pinero & Polis 2000; Hebert et al. 2005). A causal effect of metallic starlings 
on the creation and maintenance of this dead zone is supported by the absence of such dead 
zones in nearby trees lacking starling colonies; by a decrease in this effect with increasing 
distance from the colony; by a greater impact on the downslope where nutrients accumulate; 
and by negative correlations between starling nest numbers and vegetation characteristics. 
Within-colony variation in the terrestrial flora was strongly influenced by the number of nests 
in the tree above. On a broader scale, larger colonies also exhibited the highest concentrations 
of nutrients in their soils (as expected, because more birds will drop greater volumes of guano 
and other organic material: Garcia et al. 2002, Ellis et al. 2006). In addition, soil nutrient 
concentrations are undoubtedly influenced by the length of time the colony has been active at 
each site, and larger colonies may have been occupying the same site for longer periods.  
 What proximate mechanisms create the dead zone under a starling colony? One plausible 
explanation is that high concentrations of nutrients (in particular ammonium, nitrogen, 
phosphorous and pH; Table 1) are toxic to plants and can inhibit growth (Ellis 2005; Young 
et al. 2011; Havick et al. 2014). At our study site, vegetation was impacted to a greater 
degree on the down-slope side of colony areas (Figs. 2 and 3), consistent with downhill 
leaching of toxic soil nutrients. Soil toxicity through high ammonium and nitrate levels 
particularly impacts mature woody plants (Dusi 1978; Haynes & Goh 1978), potentially 
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explaining the death of larger trees surrounding the starling colony (Fig. 3), but this 
hypothesis cannot explain the absence of other plants. In most systems, high nutrient 
concentrations result in prolific growth of at least some plant species (Vidal et al. 1998; Ellis 
2005; Young et al. 2011; Zolkos et al. 2012). This is especially true for seedlings, which are 
more tolerant of high nutrient levels (or have been subjected to them for shorter lengths of 
time) than are other life stages (Haynes & Goh 1978). Indeed, our germination experiments 
confirmed that seedlings thrive in these high-nutrient soils.  
 A second (and related) hypothesis is that the rain of guano from birds onto plant leaves 
may physically block light uptake and thus photosynthesis, hence reducing growth and 
survival of seedling and saplings (Sobey & Kenworthy 1979; Ishida 1997). In our study 
system, though, nesting by starlings is confined to a relatively short period each year, 
allowing seedlings time to germinate and grow at other times. In support of this idea, many 
seedlings germinated beneath colony trees after the birds had departed from the colony  
(D. Natusch pers. obs). So, what is killing the seedlings and sapling beneath starling 
colonies? Our exclusion experiments unambiguously answer that question. In the seasonal 
environment of tropical Australia, many animals utilise the resource-rich sites beneath 
starling colonies (Chapter 1). Usage by bush turkeys and (especially) pigs peaks in the dry 
season, when resources in the surrounding landscape begin to dwindle. At this time, pigs and 
bush turkeys kill seedlings either via direct consumption or through soil disturbance 
(trampling and rooting; D. Natusch pers. obs.; Maesako 1999). By the end of the dry season, 
all the remaining seedlings were killed when the pigs overturned our exclosures to gain 
access to the resources beneath.  
 This indirect mechanism of impact by bird colonies on vegetation differs profoundly 
from the direct effects of colonial birds reported from studies on offshore islands. Studies on 
insular bird colonies typically report that the nutrients imported by nesting birds enhance 
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rates of growth of local vegetation (Vidal et al. 1998; Ellis 2005; Wait et al. 2005; 
Baumberger et al. 2012). In a mainland site like our own study area, however, the dynamics 
are very different. The impact of metallic starlings on vegetation is mediated primarily by the 
activities of terrestrial vertebrate scavengers, a group absent (or at most, present in low 
numbers) from most remote islands (MacArthur & Wilson 1967; Ellis 2005). More generally, 
our results reflect the continuous nature of forest cover in tropical Australia, not only 
supporting large numbers of generalist herbivores (including feral taxa such as pigs, as well 
as native taxa such as scrubfowl), but also allowing them to move long distances to exploit 
local resource hotspots.  
 High densities of herbivores also mediate vegetation characteristics at other animal 
aggregation sites. For example, former livestock corrals in the Kenyan savannah attract high 
densities of ungulate herbivores, which browse upon woody vegetation and reduce tree cover, 
reducing the potential for prolific biomass accumulation in these nutrient-rich sites (Porensky 
& Veblen 2012; Veblen et al. 2012). At smaller spatial scales, termite mounds act as nutrient 
hotspots in savannah systems, attracting high densities of herbivores that influence the 
already unique vegetation composition at these locations (Davies et al. 2015). Unlike the 
starling sites, however, in those systems at least some vegetation persists. It would be 
interesting to repeat our study in smaller forest fragments, where the pool of available 
scavengers and herbivores is greatly reduced. In the absence of large mobile herbivores, 
starling colonies could potentially increase rather than decrease vegetation densities beneath 
nesting trees. 
 More broadly, the massive influx of nutrients to the ground beneath starling colony-trees 
may have multiple consequences. For the colony tree itself, an obvious benefit is the 
availability of nutrients in what is otherwise a relatively nutrient-poor landscape (Gilbert & 
Shaw 1987; Fell et al. 2009). Those nutrients come not only from the birds, but also from the 
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numerous scavengers that aggregate under the colony trees (Chapter 1). A less obvious effect 
is that pigs and bush turkeys attracted by those nutrients consume (and thus eliminate) any 
seedlings that might otherwise grow up beneath the colony tree. We doubt that such seedlings 
could grow fast enough to compete with the colony tree, but the dead zone beneath such a 
tree may confer a strong benefit to the starlings that nest in it. Metallic starlings choose 
colony sites (host trees) that are difficult to climb, thus preventing access by predatory snakes 
(Chapter 4). The dead zone may advantage the starlings by preventing snakes from climbing 
nearby trees and bridging into the canopy of the colony tree to access nests.  
 Paradoxically, the starlings may also jeopardise the survival of colony trees over the 
longer-term. Of the 27 colony trees that we located at the beginning of our study, 10 died 
within the next three years (Chapter 2). Although the reasons for these deaths are unknown, 
similar findings in studies of other communally nesting birds suggest that high nutrient 
concentrations (from bird guano) can kill mature trees (Dusi 1978; Ishida 1996; Hebert et al. 
2005; Garcia et al. 2011).  These same impacts also occur in other starling (Sturnus sp.) 
colonies at temperate sites (Young 1936; Gilmore et al. 1984). At our tropical starling colony 
sites, constant soil disturbance (by pigs and bush turkeys) also may negatively impact the 
host tree by loosening the soil around its roots. In severe cases, the tree eventually uproots 
from the unstable soil and crashes to the ground, destroying the entire bird colony (D. 
Natusch unpubl. data). Thus, although starlings may avoid predators by indirectly influencing 
surrounding vegetation (and thus climbing opportunities for predators), they may also reduce 
their own survival (and the availability of suitable trees for breeding in subsequent years) via 
the same indirect mechanism. 
 Spatial variability in vegetation responses to bird colonies depends upon the climate, soil 
structure, pre-existing landscape features, and aggregation intensity at colony sites. Oceanic 
islands, for example, are characterised by relative homogeneity in soil and vegetation, 
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facilitating attempts to predict bird-colony impacts. In other cases, the direction and 
magnitude of variability in underlying factors may be difficult to predict because those 
factors depend upon species that are present at some sites but not others. Although the result 
of such interactions beneath metallic starling colonies is primarily negative for the vegetation 
at a small spatial scale, colony sites also create habitat heterogeneity and nutrient subsidies 
that are dispersed via scavengers and predators over long distances.  
 More broadly, trees in savannahs and shrubs in arid zones also create nutrient hotspots 
that generate spatial complexity within otherwise homogenous landscapes (Tews et al. 2004; 
Manning et al. 2006; Tulloss & Cadenasso 2015). These sites often harbour unique 
assemblages of local flora and fauna, whose presence creates cascading effects that influence 
landscape diversity and ecosystem function (van der Waal et al. 2011). The starling colonies 
are unusual, however, in the massive amount of nutrients that they deposit each year  
(> 1000-fold difference in soil nutrients in a nutrient-poor landscape; Gilbert & Shaw 1987). 
At present, we know little about the ecosystem-level impacts of such high nutrient input, or 
how far those nutrients are dispersed into the surrounding forest matrix by the animals that 
intensively forage under colony-occupied canopies.  
 At temperate-zone sites, apex predators strongly influence vegetation composition via 
trophic cascades, with important consequences for ecosystem function (Croll et al. 2005; 
Ripple & Beschta 2012). Similarly, feral pigs at our study site act as agents of disturbance 
within the surrounding forest ecosystem, potentially resulting in changes in nutrient cycling, 
primary productivity and vegetation characteristics that may extend far beyond the understory 
below starling colonies (Mitchell et al. 2007). Biological interactions that increase the 
abundance of pigs (such as culling of dingos; Johnson et al. 2007) or bush turkeys (such as 
the invasion of cane toads; Jolly et al. 2015) could potentially influence vegetation 
assemblages both below starling colonies and within the broader landscape. We know too 
	 59 
little about food webs within these tropical forests to confidently predict such effects, but our 
data point to strong impacts of colonial nesting on the vegetation and fauna of the terrestrial 
ecosystems beneath.  
 Although nutrient hotspots promote primary and secondary productivity in many 
systems, our system reflects an unusual situation whereby a nutrient hotspot depletes primary 
productivity. The lack of vegetation growth under bird-colonies may slow nutrient cycling 
and lead to more acute nutrient toxicity than has been observed in other systems. 
Understanding the ecosystem-level impacts of residual nutrients (after the starling colony has 
ceased to use that site), and subsequent successional changes, would be of great interest. For 
example, do terrestrial herbivores continue to remove vegetation from these sites, and how 
long does it take before the dead zones beneath colonies are no longer functionally unique 
features of the surrounding landscape? In addition to these questions, future researchers could 
usefully explore the hypothesis that the impacts of resource hotspots (in particular those 
generated by bird colonies) on terrestrial biota is mediated by a factor that varies spatially and 
temporally: the abundance of secondary consumers, both native and feral. 
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CHAPTER THREE 
 
How do predators and scavengers locate resource hotspots within a tropical 
forest? * 
 
* Currently in press at Austral Ecology: 
Natusch DJD, Lyons JA, Shine R (2016) How do predators and scavengers locate widely-
scattered resource hotspots within a tropical forest? Austral Ecology. 
 
 
Photo: Predators are attracted to the colonies by birds within fallen nests. 
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ABSTRACT 
 
In many parts of the world, wildlife species congregate at “hotspot” locations that offer 
feeding opportunities unmatched in the wider landscape. But to exploit those resource-rich 
sites, animals must first locate them. In tropical Australia, predators and scavengers 
(especially dingos, bush turkeys, snakes, and invasive toads) gather beneath large canopy-
emergent trees that house breeding colonies of metallic starlings (Aplonis metallica). Some 
wildlife species feed on fallen nestlings whereas others consume the rich insect fauna 
supported by bird detritus, or the other species attracted to those resources. Those 
congregations largely cease as soon as colony trees fall, suggesting that wildlife aggregations 
are responses to bird-associated cues rather than to specific locations. To identify the 
proximate cues that elicit congregation of wildlife under such trees, we deployed sound cues 
(starling-chatter) and two types of scent cues (soil from beneath a starling tree, and complete 
nests on broken branches). We recorded visitations by animals with camera-traps. Starling-
chatter did not attract significant numbers of animals, but soil from beneath colony-trees 
attracted many animals (mostly bush turkeys). Complete nests attracted nest-predators 
(dingos, snakes). Our experiments suggest that faunal aggregations beneath colony-trees are 
driven by proximate responses to distinctive scent cues in the soil, especially for species that 
obtain their food from that bird-fertilised substrate; but predators that feed directly on fallen 
nestlings key in specifically on that resource.  
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INTRODUCTION 
 
The ability of foraging animals to locate ephemeral food resources in heterogeneous 
environments is critical to animal survival. The behavioural mechanisms used to locate those 
resources depend not only on food type, the size and quality of the resource, and resource 
predictability, but also on a forager’s perceptual and memory abilities (Bell 1991; Thiele & 
Winter 2005). The mechanisms used by animals to locate feeding sites also vary among 
species. Many taxa rely primarily on visual (Frings et al. 1955; Wells & Lehner 1978), audio 
(Frings et al.1955; Langley 1983) or olfactory (Hershey & Forester 1979; Koski et al. 2015; 
Langley 1983; Stoddart 1980) proximate cues to locate short-term resources. Others invoke 
all three senses, depending on cues available from the food resource. For example, 
grasshopper mice (Onychomys leucogaster) rely primarily on audio cues when foraging for 
active prey, but on olfactory or visual senses when searching for stationary prey (Langley 
1983). In contrast, other animals commit the location of spatially predictable resources to 
memory, allowing them to return to those locations after long periods of time (sometimes 
many years) (Garber & Paciulli 1997; Thiele & Winter 2005).  
Knowledge of the cues used by different animals to exploit resources is important not 
only for understanding ecosystem function (Koski et al. 2015; Rhebergen et al. 2015), but 
also for management (Ward-Fear et al. 2016). For example, knowledge of attractant cues can 
facilitate control of problem fauna by identifying effective cues for trapping (Crossland et al. 
2012), and minimising cues that attract those taxa to areas where they are especially 
problematic (Rodda et al. 1999). More generally, knowledge of the cues that different species 
use to locate resources, and how those cues are distributed in space and time, may enable us 
to more accurately predict the spatiotemporal distribution of specific taxa in a heterogenous 
landscape. In the case of a large resource “hotspot” used by many different species, the 
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proximate cues used to locate the resource may well differ among taxa. Here, we examine the 
cues several taxa use to locate resource-rich foraging hotspots in the rainforests of tropical 
Australia. At our study site, metallic starlings (Aplonis metallica) nest in massive 
aggregations within the same rainforest trees each year. The ground beneath those trees is 
enriched by seeds, guano, eggs and chicks that drop from the colony above. These cumulative 
nutrients attract a dense and diverse assemblage of primary consumers and predators that 
gather to exploit this resource (Chapter 1). Starling colonies utilise these trees for only part of 
the year, forcing scavengers and predators to find alternative foraging sites at other times. 
This seasonal yet spatially predictable resource allows us to examine the cues animals use to 
locate the colony each season. In this paper, we ask the following questions: 
What proximate cues attract wildlife to colony-trees, and are these cues mediated by the 
learned locations of these spatially predictable resources? We conducted field experiments to 
control the kinds of information available to the forager, and to directly examine species 
differences in the proximate cues used to locate resources. Based on our knowledge of this 
system and the animals frequenting it (Chapter 1), we predicted that visual cues would be 
unimportant for all taxa because the dense rainforest precludes the use of sight in locating 
starling colonies until the predator is within several metres of the colony. Instead, we 
predicted that diurnal birds (bush turkeys, cockatoos) and some predators (dingoes) would 
utilise either audio or olfactory cues to locate the colony, whereas nocturnal predators 
(snakes, anurans) would rely solely on their olfactory senses (because starling colonies are 
quiet at night). Finally, we predicted that if animals rely solely on proximate cues to locate 
foraging hotspots, predators would stop visiting starling colonies soon after the birds cease to 
be active, and not return to them the following season. Continuing high rates of visitation 
would suggest a role of spatial memory. 
MATERIALS AND METHODS 
	 70 
 
Study system 
The Lockerbie Scrub is an isolated patch of rainforest within a woodland mosaic, at the 
extreme northern tip of Cape York Peninsula in Queensland, Australia (Neldner & Clarkson 
1995). The climate of the area is highly seasonal, with a mean annual rainfall of 1744 mm 
largely falling during the summer monsoon (December to April) while the rest of year 
remains hot and dry with frequent fires (Bureau of Meteorology 2016). Each wet-season, vast 
numbers of metallic starlings (Aplonis metallica) arrive in the Lockerbie Scrub and nest 
communally in emergent rainforest trees (Chapter 1). The birds attract a diverse assemblage 
of local predators and primary consumers that feed on fallen nestlings (waterlogged branches 
often fall to the ground, thus providing access to live or freshly-dead nestlings), and 
invertebrates in the guano-enriched soil beneath the tree (Chapter 1). During the season when 
starlings are breeding, the open ground beneath each colony tree often contains dingos, pigs, 
snakes, bush turkeys and cane toads (these taxa accounted for 94% of all species recorded: 
Chapter 1). For one animal group (snakes), our long-term mark-recapture studies show that 
the same individuals return to the exploit the resource each season (D. Natusch, unpubl. data 
2016). 
Some of the wildlife species are abundant beneath starling-colony trees only during the 
birds’ breeding season (snakes, cane toads) whereas others continue to gather beneath these 
trees year-round (bush turkeys, pigs). Thus, immediate cues that predict starling presence 
might be important for some taxa, whereas longer-term attributes of the site itself (perhaps, 
the lingering after-effects of starling presence) may be more important for others. In the 
former case, for example, the taxa that exploit these resource hotspots might be attracted by 
the sound of starling colonies (which can often be heard from more than 300 m away:  
D. Natusch, pers. obs.), or by specific scent cues provided by recently-fallen nests. In the 
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latter case (year-round visitors), scent cues from the soil beneath the tree (nourished by the 
accumulation of bird guano, dead nestlings, etc.) might be more important. For both groups 
of terrestrial wildlife, visual cues are unlikely to offer a reliable means of locating colony 
sites. The dense tropical forest at our study site precludes visual recognition of the area 
beneath the colony tree (or the tree itself) until animals are < 10 m away. 
 
Surveys 
For three years we conducted nocturnal surveys of 12 starling colonies between 1900-2300 h 
with the aid of spotlights and recorded all snakes and cane toads present under those trees 
(see Chapter 1 for further details). Those surveys enabled us to document the effects of a 
starling-colony’s departure on rates of faunal visitation. Typically the same trees are used 
year after year, but four colonies abandoned their usual trees over the course of our three-year 
study. During the first season of surveys, two trees snapped in half (likely due to the weight 
of waterlogged nests). A third tree died at the end of the first season, and its branches fell off. 
At these three sites the starling colony deserted the tree and did not occupy the same area in 
subsequent seasons. The final tree died in our third season of surveying, and many of its 
branches fell off. A few starlings built nests in the remaining branches in the third season, but 
nest counts massively decreased (from 640 and 621 in the first two seasons, to 53 in the 
third). To explore whether or not abandoned trees continued to attract snakes and cane toads, 
we continued to survey the trees beginning one week after the tree died. Although the sample 
size of trees involved is small (n = 4), this constraint was dictated by our reliance on 
“natural” (rather than experimentally imposed) shifts in usage of trees by starlings.  
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Sound cues 
We recorded two minutes of chattering starling sound at a colony tree using a WS-650S 
Olympus digital Dictaphone (Olympus; Tokyo, Japan). We uploaded the track onto an Apple 
iPod Nano® (Apple Inc.; Cupertino, California) attached to a set of two computer speakers 
(Labtec LS150). We redeployed this setup at two random locations within the rainforest at 
our study site (and more than 1 km from the nearest starling colony). We enclosed the iPod in 
a snap-lock bag to prevent rain damage (but left the speakers exposed), and attached the setup 
to the trunk of a large tree approximately 2 m above the ground. Because of logistical 
constraints, we did not deploy the audio stimuli at the same height as most starling colonies 
(25 - 30 m above the ground), which may have affected the distance the sound travelled 
through the surrounding forest. To minimise the impact of this constraint, we set the iPod and 
speaker volume to broadly resemble the noise at ground level at the starling colony trees 
(although we did not quantitatively compare decibel outputs). To begin the experiment, we 
set the starling track to repeat to allow continuous playback of the bird chatter.  
To record diurnal animals attracted to the sound of starlings we positioned a camera trap 
(Moultrie® M-880) approximately 10 m away on a nearby tree, and facing the redeployed 
audio stimuli. We positioned the audio speakers at approximately 90° from one another, to 
maximise the range of sound, but so both speakers were still visible by the camera. We 
assumed that animals were evenly distributed within the surrounding landscape, so the 
direction of the speakers would not influence the types and numbers of animals attracted to 
the audio stimuli. We set the camera to begin recording when movement was detected. In 
addition, approximately 150 m away from this setup we established a control, consisting of a 
pair of speakers positioned in the same way but without any audio stimuli. We monitored the 
control setup using another Moultrie camera trap. Trials conducted before establishment of 
our audio experiment confirmed that the iPod battery lasted for eight hours of continuous 
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playback, so we started all experiments at 1100 h each day (to finish recording at dusk, when 
the colonies become quiet). Based on detailed camera trapping data from beneath starling 
colonies (Chapter 1), we were confident that animals would visit the audio stimuli throughout 
the day, so justified beginning our experiments in the late morning (1100 h, as above). 
Evening visits to our audio redeployment sites confirmed that the iPod was still playing on all 
occasions. We repeated this procedure five times at the two sites (for a total of 10 
experiments). For both the audio stimuli and the control we recorded the duration of time that 
animals (of all species) appeared in the video and expressed this as a proportion of total video 
time. 
 
Soil scent cues 
We established soil plots approximately 150 m away from the nearest starling colony. Plots 
consisted of four adjacent 1 m2 treatments, separated by 10 cm in a 2 x 2 grid pattern and 
delineated using odourless spray-paint (Fig. 1). In one plot we evenly spread two 20 L 
bucketsful of soil collected from underneath the starling colony. To act as controls, in the 
other three plots we (1) spread two buckets of soil collected from a random location (clay 
from beside nearby roads), (2) disturbed soil within the plot by overturning it and removing 
the leaf litter, and (3) left the soil undisturbed (Fig. 1). We positioned a camera trap 
(Moultrie® M-880) on a nearby tree (~ 2 m away) to allow an unobstructed view of all the 
plots and used motion-triggered video recording to document the amount of time animals 
spent in each plot. As a further independent control, we established another plot 50 m away 
(but without altering or disturbing the existing soil) and monitored this using another camera 
trap for the same duration. In addition to using camera traps, we conducted nocturnal surveys 
of the soil plots between 1900 and 2200 h to record visitation by nocturnal ectotherms  
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(e.g., snakes and anurans, which do not trigger the infrared camera traps at night). The 
experiment was run for three days, after which time fresh soil was added to the plot, or the 
experiment was discontinued. We replicated this procedure at four sites. 
 
 
 
Figure 1. Experimental design for study on responses of wildlife to olfactory cues provided by (a) 
soil and (b) fallen nests from beneath metallic starling colonies. Note: experiments (a) and (b) are 
depicted together in this figure, but were deployed separately in the field. 
 
Nest scent cues 
During heavy rains, starling nests often fall from the colony tree to the ground below. We 
collected such nests < 12 h after they fell, and redeployed them on the ground approximately 
150 m away. We only redeployed nests that contained starling chicks and/or eggs 
(determined by direct inspection). In most cases the nestling birds were dead (presumably 
because of the impact of the fall). To record animal visitation to the nest we attached a 
camera trap (Moultrie® M-880) to a nearby tree (~ 2 m away) and set it to trigger at motion 
detection. Beside occupied nests, we also redeployed older nests without chicks (to act as 
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controls). We positioned the two nest types approximately 1.5 m from each other, so they 
were both captured in the frame of the camera trap. We considered animals to be interested in 
nests if they inspected, sniffed or scratched (for birds) within 1 m of the nests. In some 
instances, dingos dragged the nests outside the view of the camera trap, or in front of the 
other nests. We did not record information from camera traps in cases where nests were 
completely removed from view or obstructed our control. We quantified nest visitation as the 
time spent inspecting the nest as proportion of total time during which animals were present 
in the video. As with our soil experiments, 50 m away we also established independent 
controls consisting of old nests (without chicks), which were monitored for animal visitation 
for the same duration as our redeployment treatments. In addition to camera traps, we 
surveyed the redeployed nests at night in an attempt to record nest visitation by nocturnal 
ectotherms (as above). We conducted nocturnal surveys with a head-torch between 1900-
2200 h each evening, and briefly (< 2 min) recorded any animals in the vicinity of the nests. 
At this time we also examined the nests to ensure chicks were still present within the cavities. 
If they were not, we discontinued the experiments. We replicated these removal experiments 
at six sites. We conducted all “proximate cue” experiments in homogeneous forest, with tree 
densities similar to those surrounding nearby colony trees. 
 
Data analysis 
We conducted all analyses in JMP Pro 11 (SAS Institute, Cary NC). For the survey studies, 
we analysed snake and toad count data separately. We also analysed count data from the three 
trees completely abandoned by the starling colony separately from data from the single tree in 
which some nests remained. Our count data were strongly overdispersed (e.g., records of few 
individuals were more common than records of many individuals). Instead of transforming 
our count data we analysed our results using a generalised linear mixed model with a 
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negative binomial distribution (O’Hara & Kotze 2010). To control for multiple counts taken 
at each tree, we incorporated Tree ID# into the model as a random effect. We did not include 
Tree ID# as a random effect in our analysis of the single tree, and instead included ‘season’ 
as the factor. For our cue-deployment experiments we analysed visitation to each 
experimental treatment by calculating the proportion of time animals spent in each video. We 
used matched pairs t-tests and analysis of variance (ANOVA) in those instances where our 
data met assumptions of normality and homogeneity of variance. When this was not the case, 
we used Kruskal-Wallis non-parametric tests.  
 
 
RESULTS 
 
Do predators continue to visit colony-trees after birds have gone?  
During 111 nocturnal surveys of three active colony trees we encountered 173 snakes of four 
species (Boiga irregularis, Liasis fuscus, Morelia amethistina and Stegonotus cucullatus). By 
contrast, we recorded far fewer snakes after those same trees had died and the starling colony 
had departed (only 3 Boiga irregularis during 52 surveys: χ2 = 30.7 df = 1, P < 0.0001;  
Fig. 2). The same was true for cane toads, with 361 encountered during the surveys of active 
colonies vs. only 41 after the trees had died and been abandoned (χ2 = 56.3 df = 1,  
P < 0.0001; Fig. 2). 
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Figure 2. Mean number of snakes (a) and (b) toads encountered during surveys of three active 
starling colonies (hollow columns), and immediately after the colony had departed (hatched columns), 
and (c) mean number of snakes (hollow columns) and toads (hatched columns) encountered during 
surveys of one colony tree during two seasons compared to a third season after the tree had died. The 
trend line represents the number of metallic starling (Aplonis metallica) nests in the same tree each 
season. 
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At the fourth tree (where the number of nests decreased markedly), we recorded 283 snakes 
during 116 surveys in the first two seasons (148 snakes from 61 surveys in Season 1 and 135 
snakes from 55 surveys in Season 2). However, after the tree had died and the number of 
nests had decreased we recorded far fewer snakes (39 snakes from 34 surveys: χ2 = 17.6,  
df = 2, P < 0.0001; Fig. 2). Again, the same was true for cane toads, with counts decreasing 
from 338 and 395 in the first two seasons to 117 in the final season (χ2 = 21.8, df = 2,  
P < 0.0001; Fig. 2). 
 
Experimental manipulation of proximate cues 
 
Sound cues 
Camera traps recorded six bush turkeys and one dingo within five metres of the iPod that was 
emitting bird chatter, vs. seven bush turkeys within five metres of the control iPod (seven 
videos at each treatment). We found no significant difference in the proportion of time 
animals were present in videos taken near the audio stimuli vs. the control (one-way ANOVA 
with audio stimuli as the factor and proportion of time as the dependent variable: F1,13 = 0.3, 
P = 0.59; Fig. 3). In all instances where bush turkeys were filmed, the birds were in the 
camera frame for a short period, and did not show any overt interest in either iPod. The dingo 
noticed the camera trap (looked directly at it), but exhibited no overt interest in the iPod and 
speakers. 
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Figure 3. Mean proportion of time animals spent investigating stimuli from nesting colonies of 
metallic starlings. Panel (a) shows time spent by animals at audio stimuli vs. a control, (b) time spent 
by bush turkeys and dingos at active nests (nest with chicks) vs. control nests, and (c) time spent by 
animals at soil collected from four different types of sites (see text for explanation).  
 
Soil scent cues  
We identified 104 individual animals in 93 videos of redeployed soil plots. Of these, most 
were bush turkeys (86%), with small mammals (Rattus leucopus and Melomy capensis; 6%), 
cane toads Rhinella marina (3%), agile wallabies Macropus agilis (2%), dingos Canis lupus 
dingo (2%) and orange-footed scrub fowl Megapodius reinwardt (1%) comprising the 
remainder. For all species pooled, the proportion of time spent differed significantly among 
types of soil plot, with most time spent foraging in the plot with soil from beneath the colony 
tree (Kruskal-Wallis: H = 167.9 N =93, df = 3 P < 0.0001; Fig. 3). Because of small sample 
sizes, for most species we were unable to do separate analyses by taxa. However, the two 
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most commonly-recorded species (bush turkeys and rodents) both spent most time in the 
plots with soil from the colony (Kruskal-Wallis: P-values for both species < 0.05).  
Because our camera traps mostly detected endothermic animals (as described above), 
ectothermic taxa were under-sampled in this experiment. For example, we only recorded cane 
toads in camera traps when other species (endothermic nocturnal rodents) were also present. 
During nocturnal surveys of our experimental plots, we recorded three additional cane toads; 
all were sitting within the plot containing soil from beneath the colony tree. Cameras at the 
independent soil control site did not record any videos of animals visiting. 
 
Nest scent cues 
We recorded 96 videos of redeployed nests at our active sites, but none at our independent 
control sites. After omitting videos where no animals were visible (14), we identified 83 
individual animals of which most were dingos (70%) and bush turkeys (29%). The only other 
animal was an orange-footed scrub fowl (Megapodius reinwardt), which we eliminated from 
further analyses. Because of the different dietary niches of dingos and bush turkeys, we 
separated them for analysis. A matched pairs t-test confirmed that dingos spent a greater 
proportion of time investigating nests with chicks than older control nests (t = 6.67, df = 55, 
P < 0.0001; Fig. 3). On several occasions, dingos were recorded tearing apart redeployed 
nests and consuming the chicks inside. By contrast, most of the bush turkeys captured in 
videos were moving in the background, or showed no overt interest in the nests. Of those 
within 2 m of a nest, there was no significant difference in the proportion of time spent at 
nests with chicks vs. older nests (matched pairs t-test: t = 0.29, df = 9, P = 0.77; Fig. 3).  
In addition to our camera traps, during nocturnal surveys of the nest redeployment 
experiments we recorded six snakes either on or within (consuming chicks) the nests with 
chicks (two Boiga irregularis and four Morelia amethistina). We had marked all six snakes 
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previously, and usually capture those same individuals feeding on fallen nestlings beneath the 
colony tree (150 m away) (D. Natusch, unpub. data 2016). Snake visitation to our redeployed 
nests may have been considerably more common than we recorded with cameras. On 13 
other occasions when no videos were recorded, the redeployed nests were empty the next day 
(suggesting predation by snakes).   
 
 
DISCUSSION 
 
Our study aimed to clarify the proximate stimuli that enable a range of taxa to locate resource 
hotspots in dense tropical forests. A diverse assemblage of species utilise metallic starling 
colonies, and our redeployment experiments support the hypothesis that animals are attracted 
to them by a variety of proximate cues. Once the starling colonies depart, predators 
immediately cease visiting these sites, and do not return again the following season. In 
combination with our manipulative experiments, this pattern suggests that animals do not 
locate this spatially predictable resource using memory alone.  
Why do some animals (e.g., snakes) cease visiting these resource hotspots after the 
colonies depart? The sudden absence of cues that attract animals to the colonies (at a 
proximate level) is the most obvious explanation for this behaviour. Memory (learning) may 
also facilitate return to these spatially predictable resources, but we are confident that snakes 
at least do not locate starling colonies using memory alone. If this were the case, we would 
expect them to return to the dead colony trees in subsequent years at the time starlings 
normally begin nesting. The lack of snake activity at those times strongly supports the 
hypothesis that proximate cues mediate any reliance on memory. The importance of 
proximate cues for attracting wildlife is also highlighted by visitation rates to the colony that 
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decreased in size during the final survey season (Fig. 2). That decrease in nesting activity was 
accompanied by a decrease in the number of snakes visiting the colony, suggesting that 
predators rely on the intensity (not just the existence) of proximate cues to locate starling 
colonies (Stoddart 1980).  
Our data on toad counts strengthens that conclusion. Cane toads became less common 
beneath starling colonies once the birds departed, but (unlike snakes) did not disappear 
altogether. Toads also remained relatively common beneath the tree where some starlings 
remained (Fig. 2). Small numbers of starlings drop enough guano and organic matter to 
attract invertebrates on which the toads feed. Even at abandoned sites, the abundance of 
invertebrates in the rich soils created by the starlings (Chapter 2) allows toads to continue to 
gain a nutritional advantage from the colonies long after they are abandoned.  
Olfactory cues appear to be the most important stimuli by which predators locate starling 
colonies in the forests of Cape York. However, different species are attracted to different 
olfactory stimuli. For example, snakes and dingos are attracted to nests, whereas bush 
turkeys, toads and small mammals are attracted to soil from beneath the tree. That divergence 
is readily explicable in light of the resources that different predators obtain from the starlings. 
Bush turkeys, toads and small mammals obtain their resources from the soil (seeds and 
invertebrates), whereas dingos and snakes feed directly on nestling birds (Shivik 1998; 
Pizzey & Knight 2012; Chapter 1). 
The use of olfactory cues may be influenced by the dense forests in which starling 
colonies are located, precluding the use of visual cues for terrestrial species to locate the 
colony (at least from a distance). The ineffectiveness of an audio stimulus is unsurprising for 
snakes (which lack ears, and visit the trees at night when the colony is quiet) (Lillywhite 
2014). However, we might have expected dingos and bush turkeys to exploit auditory cues 
when searching for bird colonies. Their lack of response to our audio deployment experiment 
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might reflect a dependence on multiple sensory pathways: a putative colony that provides the 
correct sounds but no scent cues may be ignored (Bell 1991; Shivik 1998). A combined audio 
and scent experiment may have resulted in much greater visitor numbers. Additionally, some 
taxa may be attracted by secondary cues. For example, our experiments show that bush 
turkeys and pigs are attracted to the colony trees by cues provided by the soil; but the 
presence of those animals may in turn attract dingos that prey upon them (Jolly & Jolly 
1992). More detailed information on the movement patterns of animals before and after 
starlings begin nesting each season may shed some light on the (potentially multiple) 
mechanisms involved. 
Starling colonies generate a dynamic pattern of distribution of organisms within the 
broader landscape, driven by a complex set of responses by different taxa to seasonally 
variable cues that predict specific resources. For example, the olfactory cues attracting snakes 
to starling colonies (nestlings) are present only during the time of year when the starlings are 
nesting, and thus all records of snakes beneath colony trees are during this time (Chapter 1). 
In contrast, bush turkeys and pigs continue to aggregate at colonies trees throughout the year 
(including, when birds are not nesting). These taxa exploit residual nutrients beneath the trees 
throughout the year. As a result, taxa that depend upon the starlings themselves (snakes) cue 
in on the presence of the birds; whereas taxa that depend upon longer-term resources 
provided by starlings key in on those resources instead. Olfactory cues are most important for 
both groups, but the nature of those cues differs depending on the trophic position of the 
predators involved. 
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CHAPTER FOUR 
 
Safety first: terrestrial predators drive selection of highly specific nesting 
sites in colonial-breeding birds * 
 
* In press at Journal of Avian Biology: 
Natusch DJD, Lyons JA, Shine R (2016) Safety first: terrestrial predators drive selection of 
highly specific nesting sites in colonial-breeding birds. Journal of Avian Biology. 
 
 
Photo: A rainforest tree housing a starling colony erupts through the surrounding canopy. 
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ABSTRACT 
Nesting is a critical yet hazardous life stage for many birds. For colonial-breeding birds, the 
conspicuousness of the colony to predators suggests immense pressure to select optimal 
colonial nesting sites. But what drives selection of those sites? As with solitary nesting birds, 
reducing access by predators may be the single most important factor. If so, knowledge of the 
predators involved and the attributes of different potential colony sites can allow us to predict 
the features that make a site especially safe. We examined the attributes of trees used by 
breeding colonies of metallic starlings (Aplonis metallica) in tropical Australia, and 
experimentally tested if those attributes prevented nest access by predatory snakes. Our 
surveys confirmed that tree choice by starling nesting colonies is highly non-random, with all 
colonies located in tall trees in rainforest clearings, with no low branches and smooth bark. 
Experimental tests demonstrated that the climbing ability of predatory snakes depends upon 
bark rugosity, and that colony access by snakes depends on tree attributes such as bark 
rugosity and canopy connectivity. Our study confirms that colonial-nesting starlings select 
colony sites that provide a safe refuge from predation. Intense predation pressure may have 
driven the evolution of stringent breeding habitat criteria in many other species of colonial-
breeding birds.  
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INTRODUCTION 
Breeding is a critical life stage for any animal, and is particularly hazardous for birds - which 
are typically constrained to fixed locations (nests) while incubating eggs and caring for young 
(Martin 1993, Martin 1995, Ibáñez-Alamo et al. 2015). Predation accounts for approximately 
80% of nest failure in birds (Ricklefs 1969, Martin 1993). Given the importance of 
reproductive success to fitness, natural selection thus should favour birds that nest in 
predator-free habitats (Martin 1995). But what factors render a nest location less vulnerable 
to predators? Some birds conceal their nests from predators by locating them in cryptic sites, 
whereas others utilise sites that are difficult to reach (Martin 1995, Chalfoun and Martin 
2009, Lima 2009, Ibáñez-Alamo et al. 2015). For example, Mississippi kites (Ictinia 
mississippiensis) nest in emergent trees separated from the surrounding canopy (Chiavacci et 
al. 2014), and some passerines nest in smooth-barked trees that are difficult for predators to 
climb (Mullin and Cooper 2002, Richardson and Vander Wall 2007). 
 
Many bird species breed in large colonies, rendering the “concealed nest” tactic virtually 
impossible (see Ibáñez-Alamo et al. 2015 for a review of the strategies by which birds avoid 
predators). Visual, auditory and olfactory cues to the colony’s presence inevitably attract 
predators (Varela et al. 2007). To compensate for this increased conspicuousness, colonial 
breeding species may rely on other strategies to avoid predation. For example, large groups 
are better able to detect (Roberts 1996), deter (Robinson 1985, Picman et al. 2002) or satiate 
predators (Møller 1987), and breeding in large groups reduces per-individual risk (Hamilton 
1971). The effectiveness of those strategies depends on the types of predators involved 
(Weatherhead and Blouin-Demers 2004, Benson et al. 2010, DeGregorio et al. 2014). 
Mobbing and early detection may work against diurnal predators (when the birds are awake), 
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but be ineffective for predators that attack at night (when the colony is asleep). Hence, 
colonially-nesting birds at risk from nocturnal nest predators must instead rely on passive 
defences, such as locating colonies in sites that are difficult for such predators to access.  
 
The potentially huge fitness consequences of predator ingress to a nesting colony (direct 
predation, elevation of physiological stress, modification of offspring growth rates; 
Scheuerlein and Gwinner 2006, Clinchy et al. 2013, Hua et al. 2014) must impose strong 
selection on ensuring optimal nest site selection, irrespective of other benefits accrued 
through colonial-breeding (e.g., access to mates, food finding ability, Wittenberger and Hunt 
1985, Brown and Bomberger-Brown 1986, Seigel-Causey and Kharitonov 1990, Møller and 
Birkhead 1993, Danchin and Wagner 1997, Rolland et al. 1998). Broadly, this prediction is 
supported. Obvious examples include cliff-face-nesting swallows (Brown et al. 2000) and 
colonial seabirds that nest on oceanic islands (Anderson and Hodum 1993, Oro and Ruxton 
2001). However, researchers generally have assumed rather than empirically evaluated the 
benefits of choosing difficult-to-access colonial breeding sites. To our knowledge, no studies 
have examined in detail the hypothesis that colonial-breeding bird species select nest-sites 
that minimise predator ingress (see Lima 2009, Ibáñez-Alamo et al. 2015 for reviews). We 
quantified attributes of the trees housing bird colonies (of metallic starlings, Aplonis 
metallica), with emphasis on factors that influence accessibility to predators (by comparing 
chosen versus available sites), to test the prediction that these birds nest in sites that preclude 
access by nocturnal (snake) predators.  
Metallic starlings are small Australo-Papuan passerine birds that breed in large colonies 
within tall rainforest trees in tropical Queensland, Australia (Feare and Craig 2010). Large 
rainforest trees are abundant in the landscape, so why do starlings choose the specific trees 
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they do (27 colony trees in 10,000 ha of rainforest; Stanton and Fell 2005, Natusch et al. 
2016)? Starling colonies attract large numbers of snakes (of several species) that climb the 
trees to prey upon starling eggs and nestlings (Natusch et al. 2016 and unpublished data). 
Snakes have increasingly been recognised as significant predators of birds, especially 
nestlings (Weatherhead and Blouin-Demers 2004, Chiavacci et al. 2014, DeGregorio et al. 
2014, and references therein), so we hypothesized that starlings are under strong pressure to 
select colony trees that are difficult for snakes to climb. To test that hypothesis, we (1) scored 
characteristics of colony trees versus nearby unused trees, and (2) experimentally evaluated 
the impact of tree attributes on the ability of snakes to climb those trees. 
 
MATERIALS AND METHODS 
 
Study species 
The metallic starling is a small glossy-black bird (22 cm; 61 g) from northeastern Australia 
(Queensland), New Guinea, the Moluccas and the Solomon Islands (Feare and Craig 2010). 
Between November and April each year the starlings nest in large colonies (often numbering 
more than one thousand individuals) in the crown of tall rainforest trees (Feare and Craig 
2010, Natusch et al. 2016; Fig. 1). The starlings nest in the same trees every year, and some 
trees have housed colonies each year for at least 15 years (Natusch unpubl.). After the last 
fledglings leave the nest, the starlings migrate to New Guinea, returning before the next 
breeding season (Banfield 1917, Craig and Feare 2010; for further information see Natusch et 
al. 2016). 
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Several snake species gather beneath starling-colony trees, and can be found attempting to 
climb up to reach nests, or feeding on nestlings that fall from above (Natusch et al. 2016). In 
our study area, the most frequently encountered snake species beneath starling colonies are 
the arboreal brown tree snake (Boiga irregularis) and amethystine python (Morelia 
amethistina), and the largely terrestrial slatey grey snake (Stegonotus cucullatus; Natusch et 
al. 2016). In many parts of the world, snakes are major predators of bird nests; and they are 
the most significant predators of starling nests at our study site (Natusch unpubl.). The 
Lockerbie Scrub contains no large mammals capable of climbing to depredate nests, and 
arboreal predatory rodents (e.g., Rattus leucopus), reptiles (e.g., monitor lizards) and 
amphibians (e.g., green tree frogs; Litoria caerulea) are rarely found beneath colonies 
(Natusch et al. 2016). Similarly, avian predators (raptors and owls) are unlikely to be 
significant nest predators because they cannot access the centre of the domed-shaped nests (to 
eat chicks). Avian predators are also unlikely to influence the types of trees utilised by 
starlings because they do not access nests from the ground. In contrast, our nocturnal surveys 
beneath starling colonies revealed thousands of nocturnal snakes, often observed consuming 
fallen starling chicks (Natusch et al. 2016). Snakes were the only nocturnal animals observed 
in the crown of colony trees, and were seen entering nests and consuming starlings.   
 
Study area 
The Lockerbie Scrub, near the town of Bamaga (10°50’S, 142°25’E), at the northern tip of 
Cape York Peninsula, Australia, is a 130 km2 area of semi-deciduous notophyll vine forest 
situated on the Carnegie Tableland. The vegetation is comprised predominantly of closed 
rainforest, interspersed with (and surrounded by) open woodlands dominated by Corymbia 
tessellaris, C. clarksoniana and Eucalyptus brassiana (Neldner and Clarkson 1995). The 
climate of the area is highly seasonal, with a mean annual rainfall of 1,744 mm largely 
	 93 
occurring during the summer monsoon (December to April) while the rest of the year remains 
hot and dry with frequent fires (Bureau of Meteorology 2016).  
Within the rainforest at our study site, starlings nested in only three species of tree; poison-
dart trees (Antiaris toxicaria 71%); milky pines (Alstonia scholaris 19%) and Morton Bay 
ash (C. tesselaris 10%) (based on 27 colony trees; Natusch et al. 2016). These tree species are 
relatively uncommon, appearing in only 20 – 30% of plots during rainforest surveys (Neldner 
and Clarkson 1995, Stanton and Fell 2005). 
 
 
Figure 1. A metallic starling (Aplonis metallica) colony tree at our study site (left), showing the 
smooth bark and canopy gap surrounding the tree vs. a nearby random tree (right), showing typically 
thick rainforest canopy and numerous vantage points (e.g., vines). 
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Tree attributes 
 Using both helicopter-based and ground-based searches, we located 27 bird-colony trees in 
the Lockerbie Scrub. We walked to each tree and measured attributes likely to affect the 
ability of snakes to access the nests (sensu Mullin and Cooper 2002, Chiavacci et al. 2014). 
We measured tree height, height to first branch, diameter at breast height, trunk angle, canopy 
gap distance, distance to the nearest tree (from trunk to trunk), and mean height of 
surrounding trees using a clinometer and flexible measuring tape. We also counted the 
number of trees and estimated percentage canopy cover within a 10-metre radius of the 
colony tree. Finally, we ranked other features of trees based on attributes that would increase 
a snake’s ability to climb them. Characteristics were scored such that higher values indicated 
greater climbability, as follows: tree position as in the canopy (0) or emergent (1); bark 
texture as smooth (0), finely grained (1), coarse (2), strongly coarse or fissured (3), or with 
vines/climbing ferns (4); tree and branch hollows as absent (0), < 3 hollows (1), or > 3 
hollows (2); basal cavity as absent (0) or present (1); vantage points (knots or protrusions on 
the tree trunk) as absent (0), with wide knots (1), or closely-spaced knots (2); and epiphytes 
as absent (0), a few single epiphytes (< 10) (1), or well-developed large clumps of epiphytes 
(> 10) (2).  
 
To explore whether or not starlings choose trees with specific attributes, we also recorded the 
same attributes from nearby trees that were not used by starlings. For each colony tree, we 
selected a random tree 100-200 m away, and similar to the colony tree in height, girth and (if 
possible) species. We selected random trees by spinning a pencil and letting it fall to the 
ground to determine direction to the random tree. We then used a random number generator 
to produce a number between 100 and 200 and walked the resulting number of paces in the 
direction indicated by the pencil. The random tree was deemed to be the one closest to the 
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point at which we stopped, that had a diameter at breast height of > 70 cm (because the 
smallest colony tree had a diameter at breast height > 70 cm). 
 
Surveys of snake numbers  
Between April 2013 and April 2015 we conducted nocturnal surveys of eight colony trees 
and counted the number of snakes present. Surveys were carried out on foot between 1930 
and 2230 h for five minutes per tree with the aid of a head-torch. On each survey we searched 
a ~10 x 14 m area on the ground beneath the colony tree, within the branches of surrounding 
trees and vegetation, and within the branches of the colony tree itself (to 35 m). We recorded 
the position of each snake observed as either: (1) on the ground, (2) up a nearby tree, or (3) 
up the colony tree. Although we may have failed to detect some snakes in the crown of the 
colony tree, we assume equal detectability within each microhabitat category. We also 
surveyed eight nearby random trees (as above) for snakes (see Natusch et al. (2016) for 
survey methods). 
 
Measures of climbing ability  
Unless branches of surrounding trees occur close to branches of the colony tree (a rare 
situation: see below), the only way for a snake to gain access to a starling colony is to scale 
the vertical trunk of the tree that contains that colony. We predicted that the bark texture of a 
tree would determine a snake’s ability to climb it, based on the putative greater difficulty of 
clinging to smooth versus rugose bark (Lillywhite and Henderson 1993). To test that 
assumption, we quantified the ability of the three most common snakes in our study area (see 
above) to climb trees with different bark types (Mullin and Cooper 2002). We identified trees 
with the following bark types: (0) smooth, (1) finely grained, (2) coarse, (3) strongly coarse 
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or fissured, and (4) with vines/climbing ferns. For the last category, in order to illustrate that 
the presence of minor surface irregularities was sufficient to affect snake climbing ability, we 
chose trees with small (~ 2 cm) single vines (rather than multiple tangles).  
 
We located three trees of each bark type, yielding a total of 15 experimental trees. The first 
lateral branch of each tree was at least 5 m above ground level, ensuring snakes were 
ascending uninterrupted vertical surfaces in all trials. All trees had straight trunks and a 
diameter at breast height > 70 cm, thus resembling bird-colony trees in these respects. To 
each tree we nailed a 30 mm diameter piece of vine 160 cm off the ground, hanging 
downwards from the attachment point. To evaluate climbing success, we placed a snake at 
the base of the vine, allowed it to climb upwards until it reached the top of the vine, then 
measured the snake’s progress as it attempted to climb further upwards along the trunk of the 
tree.  
 
We captured snakes from beneath colony trees and kept them in cloth bags overnight. The 
next evening we placed the snakes individually on vines attached to experimental trees and 
encouraged the animals to climb by gently touching their tails with a small stick. Once the 
snakes moved beyond the anchor point (the top of the vine), we recorded the percentage of 
total body length that each individual was able to climb vertically up the tree trunk. We 
scored snakes that climbed their entire body length beyond the top of the anchor point as 
“100%”. Snakes that fell to the ground were given two further opportunities to climb; if they 
failed to do so, a “no attempt” was recorded and the snake was released. Our analyses did not 
include data on snakes that made no attempt to climb. Because the length of a snake can 
influence its climbing ability (Lillywhite and Henderson 1993), we used snakes of a range of 
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sizes. We performed all experiments on snakes with empty stomachs (as determined by 
palpation), to minimise effects of recent ingestion on locomotor performance. Most snakes 
were tested only once prior to release, but five individuals were tested on two trees 
consecutively (to attain approximately equal sample sizes for each species and bark type 
combination). To avoid translocating snakes outside their home range, we tested all snakes at 
the same sites at which they were captured. 
 
Manipulation of tree characteristics  
To understand how the phenotypic traits of a tree affect a snake’s ability to access the starling 
colony, we experimentally manipulated the attributes of four regularly-surveyed colony trees 
to facilitate access by snakes. At two separate colony trees we positioned a single branch (~ 
100 mm in diameter) horizontally between the trunk of the colony tree and the foliage of the 
nearest adjacent tree (or in one case, the nearest tangled vegetation) to form a bridge (to 
simulate an interconnected canopy, as surrounds most trees in the study area). We counted all 
snakes found using these bridges during our nocturnal surveys. We surveyed one bridge for 
two seasons and the other for a single season. In addition to artificial bridges, we attached 
sheets of coarse bark to the trunks of two other colony trees using a long rope (tied multiple 
times around the tree trunk). We counted all snakes observed climbing the bark for a single 
survey season. For both the bark texture and bridging manipulations, access was provided to 
only the lower one-third of the colony tree, to prevent snakes from actually predating 
starlings. We compared the number of snakes climbing manipulated trees to those observed 
climbing the same trees before the manipulation experiments were in place. Although our 
sample size (four manipulation experiments) is low, it was adequate to test the hypothesis 
without dramatically increasing the potential access of predators to bird colonies.  
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To understand how the phenotypic traits of a tree affect a snake’s ability to access the starling 
colony, we experimentally manipulated the attributes of four colony trees to facilitate access 
by snakes. At two separate colony trees we positioned a single branch (~ 100 mm in 
diameter) horizontally between the trunk of the colony tree and the foliage of the nearest 
adjacent tree (or in one case, the nearest tangled vegetation) to form a bridge (to simulate an 
interconnected canopy, as surrounds most trees in the study area). We counted all snakes 
found using these bridges during our nocturnal surveys. We surveyed one bridge for two 
seasons and the other for a single season. In addition to artificial bridges, we attached sheets 
of strongly course bark to the trunks of two other colony trees using a long rope (tied multiple 
times around the tree trunk). We counted all snakes observed climbing the bark for a single 
survey season. For both the bark texture and bridging manipulations, access was provided to 
only the lower one-third of the colony tree, to prevent snakes from actually reaching and 
preying upon the starlings. Although our sample size (four manipulation experiments) is low, 
it was adequate to confirm the hypothesized pattern without dramatically increasing the 
potential access of predators to bird colonies.  
 
Statistical analyses  
Our data on the differences between colony and random trees create statistical problems 
because many attributes are highly intercorrelated. For example, tall trees tend to have larger 
trunk diameters than do smaller trees. To reduce the number of correlated variables, we 
carried out a principal component analysis (PCA) on the combined dataset, retaining only 
significant principal components for further analysis. We used analysis of variance 
(ANOVA) on the principal component axes to test for differences in the attributes of colony 
versus random trees. We then used discriminant analysis to identify the axes on which bird-
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colony trees differed from unused (random) trees, and which variables contributed most to 
that divergence.  
 
We used a general linear mixed model (GLMM) to examine climbing ability of snakes, with 
the factors of snake species and bark texture and their interaction. We included tree ID and 
snake ID as random effects in our model to control for multiple counts taken at each tree (and 
for the 5 snakes used twice; see above). Non-significant interaction terms were deleted and 
the analysis repeated on main effects. We included snake snout-vent length (SVL) as a 
covariate in our analysis in case body length influenced climbing ability. We examined the 
model’s residuals to confirm their adherence to assumptions of normality and 
homoscedasticity. We conducted all analyses in JMP Pro 11 (SAS Institute Cary NC). 
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RESULTS 
 
Tree use  
Metallic starlings selected trees that were markedly different to those available in the 
surrounding landscape (Figs. 1-4). Our PCA revealed that a single principal component 
explained 42% of the variability in our data, and scores on that component axis differed 
between colony versus random trees (F1,50 = 497.6, P < 0.0001). The tree attributes 
contributing most to this PC axis were position within the canopy, tree height and height of 
first branch, bark texture, vantage points, % canopy, and crown connectivity with nearby 
trees. Discriminant analysis easily differentiated colony from random trees, and accounted for 
94% of between-group variability. Some attributes contributed greatly to the differences 
between colony-trees versus random trees, whereas others contributed little (Table 1). In 
general, trees used by metallic starlings were wide, tall, smooth-barked canopy emergents 
within large canopy gaps (i.e., physically separate from nearby trees), whereas random trees 
were smaller, with rough bark or vines, and canopies in contact with the foliage of adjacent 
trees (Figs. 1-4). Cross-validation correctly classified 100% of the random trees and 92% of 
colony trees into their respective groups.  
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Figure 2. Comparisons between 27 starling colony trees (hatched columns) and 27 nearby unused 
trees (random trees; hollow columns) in terms of the attributes tree height, height above ground of 
first branch, diameter at breast height, trunk angle, distance to nearest tree and canopy gap distance to 
the nearest tree. 
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Figure 3. Comparisons between 27 starling colony trees (hatched columns) and 27 nearby unused 
trees (random trees; hollow columns) in terms of the attributes percentage canopy cover, number trees 
in a 10 m radius, and height of surrounding trees.  
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Figure 4. Comparisons between 27 starling colony trees (hatched columns) and 27 nearby unused 
trees (random trees; hollow columns) in terms of the categorical attributes bark texture, number of 
tree hollows, tree position, presence of basal cavity, presence of knots on the trunk and numbers of 
epiphytes. 
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Table 1. Discriminant function factor loadings for attributes of 27 metallic starling colony trees and 
27 nearby random trees.  Positive loadings correspond to variables with high values (e.g., tall trees), 
while negative values correspond to variables with low values (e.g., low percentage canopy cover).   
 
Attribute Function 1 
Tree position (in canopy or emergent) 1 
Height above ground 0.796* 
Height to first branch 0.802* 
Diameter at breast height 0.555* 
Trunk angle -0.164 
Bark texture -0.795* 
# of tree hollows 0.298 
Basal cavity 0.330 
# of vantage points -0.838* 
Dist. nearest tree 0.268 
Crown distance from adjacent foliage 0.767* 
# of surrounding trees -0.279 
Height of surrounding trees -0.012 
% canopy cover -0.899* 
# of epiphytes -0.310 
 
*Denotes attributes that differed significantly between colony and random trees.  
 
Surveys of snake numbers  
We encountered 1,264 snakes of eight species beneath colony trees during our surveys, but 
only seven individuals of four species beneath nearby random trees. The most commonly 
encountered taxa were B. irregularis (50%), M. amethistina (30%) and S. cucullatus (18%). 
Of these species, B. irregularis was encountered more often attempting to climb the colony 
tree or nearby vegetation than were the other two species (contingency table analysis; χ2 = 
108.5, df = 4, P < 0.0001). Stegonotus cucullatus was never observed climbing a colony tree, 
and on only three occasions was observed above the ground in nearby trees (Fig. 5). On 14 
occasions we observed snakes (usually B. irregularis) to fall from the trunk of colony tree to 
the ground while attempting to gain access to the starling nests. 
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Figure 5. Habitat use by snakes of three species found beneath metallic starling colonies. We scored 
snakes as either: on the ground (grey columns), within nearby trees (hollow columns), or climbing the 
colony tree (black columns). 
 
Measures of climbing ability  
In total, we conducted 148 climbing experiments on the three most common species of 
snakes found under colony trees (mean body lengths = 107 cm SVL for B. irregularis, 196 
cm SVL for M. amethistina, and 86 cm SVL for S. cucullatus). After deleting non-significant 
interaction terms, our analysis of main effects showed that a snake’s ability to climb tree 
trunks was influenced by its species (F2,148 = 13.2, P = <0.0001) and by tree bark type (F4,148 
= 43.4, P < 0.0001). Boiga irregularis were the most proficient climbers on all bark types, 
closely followed by M. amethistina. Conversely, S. cucullatus was a poor climber (Fig. 6). As 
predicted, increasing bark rugosity enabled all species to climb more effectively; most 
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individuals were able to climb strongly coarse or vined tree trunks (Fig. 6). Body size was not 
significantly correlated with climbing ability (ln SVL as a covariate: F1,148 = 3.75, P = 0.06).  
 
 
 
Figure 6. Climbing ability of three species of snakes (Boiga irregularis, Morelia amethistina, 
Stegonotus cucullatus) tested on trees with different bark types. A snake’s climbing ability was 
measured as the percent of its body length that it was able to climb upwards along the tree trunk. 
 
Manipulation experiments  
During our nocturnal surveys we observed 22 M. amethistina and 15 B. irregularis utilising 
the artificial bridges connected to the trunks of colony trees. We observed five B. irregularis 
and one M. amethistina climbing the strongly-coarse bark we attached to colony trees. We 
never observed snakes at higher points on the colony tree; our manipulation allowed snakes 
to climb higher than they would otherwise have done, but did not allow them to reach the bird 
colonies. Surveys conducted before and after manipulation of colony trees revealed a > 600 
% increase in the number of snakes after our manipulations (from 6 to 44 observations). 
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DISCUSSION 
The trees chosen by metallic starlings as nesting colony sites consistently differed from most 
trees in the surrounding landscape (Fig. 1). The colony trees were tall canopy emergents with 
smooth bark, isolated from adjacent trees by large canopy gaps. Consistent with the 
hypothesis that starlings select colony trees based on difficulty of predator access, we found 
snakes attempting (but failing) to climb colony trees. We also observed many snakes in trees 
surrounding ones that housed bird colonies, apparently attempting to make their way to the 
colony tree (Fig. 5). Our performance trials confirm that the trunk attributes characteristic of 
colony trees impede snake attempts at climbing (Fig. 6). Lastly, altering the attributes of 
colony trees (creating rougher bark or canopy interconnectedness) facilitated predator (snake) 
access to the colony. 
 
Several authors have linked tree trunk rugosity and crown connectivity to snake climbing 
ability (Mullin and Cooper 2002, Koenig et al. 2007), and others have linked snake predation 
rates to separation between nest trees and the surrounding canopy (Chiavacci et al. 2014). In 
our study, the most important attributes of the starling colony trees that discourage snake 
predation are (1) bark smoothness (featureless texture and few knots); (2) low connectivity of 
branches to other trees, which in turn reflects tree height and height of first branch (very tall 
trees with no low branches eliminate connectivity); and (3) canopy breaks (again, eliminating 
physical connections to foliage on adjacent trees). In summary, all of the traits in which 
starling colony trees differ from random trees share a common functional significance: they 
make it difficult or impossible for snakes to climb to the highest branches on those trees. This 
strong pattern supports the hypothesis that starlings actively select nesting trees that minimise 
access by predators.  
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Exceptions to the general pattern can also help to clarify this interpretation. Firstly, one of the 
two trees misclassified by cross validation in our discriminant analysis was the only colony 
tree with coarse instead of finely grained bark (an old and gnarled A. scholaris). Of the 55 
snakes we observed climbing the trunks of colony trees, 72% were observed on this tree. 
Nevertheless, we observed many of those snakes to fall from the trunk before reaching the 
first branch, presumably because of an inability to establish a firm grip on the bark.  
 
Secondly, gap bridging from the canopy of nearby trees into the colony tree appears to be the 
only way for snakes to gain access to nests if they are unable to ascend the colony tree itself 
(Koenig et al. 2007, Byrnes and Jayne 2012). The crowns of colony trees were always 
isolated from the adjacent canopy, precluding access by this route. The other tree 
misclassified in our discriminant analysis was the site of a newly established colony (the tree 
was not occupied by starlings the year before). The canopy of this tree was not well-separated 
from the branches of other trees when starlings first began to use it (< 2.5 m), but that 
separation increased through time. When surveying this tree, we noticed an increasing 
number of broken branches in the trees surrounding it. Subsequent diurnal surveys revealed 
large flocks of starlings gathering together; their combined weight often snapped the ends off 
smaller branches. We also observed birds seizing such branches and attempting to fly in a 
downward direction, possibly achieving the same outcome. Numerous broken branches in 
trees adjacent to the colony reinforced this interpretation. Although we could not empirically 
test the impact of starling behaviour on colony-tree connectivity, our observations suggest 
that starlings may mechanically manipulate the vegetation around a colony tree in ways that 
increase the colony’s separation from adjacent foliage.  
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Several studies have revealed the remarkable ability of parent birds to assess predation risk 
and modify their nest site criteria accordingly (Forstmeier and Weiss 2004, Eggers et al. 
2006, Fontaine and Martin 2006). In our study system, we infer that the adaptive significance 
of colony site choice relies on starlings benefitting from nesting in trees that are difficult for 
snakes to climb. However, we cannot directly test that proposition, because of the logistical 
obstacles involved in monitoring 800 concealed nests 35 metres above the ground. That being 
said, the remarkable abundance of snakes feeding on fallen chicks beneath the colonies (and 
observations of snakes attempting to climb the trees), combined with the results of our 
manipulative experiments, strongly suggest that increases in either canopy connectivity or 
bark rugosity would massively increase predation rates. Unfortunately, there is no way of 
directly testing this hypothesis without further manipulating tree attributes (to provide direct 
access by snakes) and thus risking the decimation of the starling colony. All things 
considered, there is little doubt that starlings benefit from nesting in trees that are difficult for 
predators to access.  
 
Our study is novel because it is the first to examine nest site selection in a colonial-breeding 
bird. But can we infer anything about the evolution of colonial breeding in this species? 
Because colonial breeding is ubiquitous in metallic starlings, we cannot compare the 
influence of snake predation on individuals that breed colonially versus those that do not 
(Danchin and Wagner 1997). Hypotheses invoked to explain the evolution of colonial 
breeding typically have centred on enhanced food-finding ability and predator defence (see 
Danchin and Wagner 1997 for a review). More recently, however, several authors have 
proposed a habitat selection hypothesis, whereby animals aggregate for breeding simply 
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because many individuals choose the same high-quality (but spatially limited) sites (Danchin 
and Wagner 1997, Wagner et al. 2000). Some birds also use the presence and/or reproductive 
success of conspecifics in their assessment of habitat quality, and thus breeding site choice 
(Reed and Dobson 1993, Danchin et al. 1998, Doligez et al. 2002). Consequently, the initial 
choice of a specific tree as a breeding site by a few birds might influence later-arriving birds, 
resulting in colonial breeding even if the aggregation itself confers no additional benefits to 
later-arriving individuals (Wagner et al. 2000). If trees possessing attributes suitable for 
metallic starling nesting sites are limited in the landscape, highly specific nesting 
requirements could lead to colonial breeding even in the absence of social cues. We suspect 
this might be true for the system that we have studied. Although large trees potentially 
suitable for starling colonies are abundant in the Lockerbie Scrub, the starling’s stringent 
selection criteria for trees at our study site suggests that suitable host trees may indeed be 
limited. Such a mechanism may also explain the origin of colonial breeding in other bird 
species (this behaviour has independently evolved in at least 20 lineages: Seigel-Causey and 
Kharitonov 1990). Future research could usefully address the possibility that starlings receive 
additional benefits from colonial breeding that are not explained by predator avoidance alone, 
and test whether starling breeding site requirements are as strict at other sites as they are in 
the Lockerbie Scrub. 
 
The specific habitat features that reduce predation risk depend upon the species that is 
breeding, the type of predator, and the surrounding landscape. To deter avian predators, for 
example, mobbing and nest defence may be more important than the height of colony trees or 
cliff faces (Brown et al. 2000). In areas where colony nest predators are diurnal and all trees 
are easily accessible (e.g., nesting colonies of the social weaver Philetairus socius in the 
Kalahari, Covas 2002), the only option for birds is to construct domed-shaped, hanging nests 
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with openings that are difficult for predators to access from attached branches, thus rendering 
attributes like bark rugosity unimportant for predator deterrence (Martin and Li 1992). To our 
knowledge, no previous study has linked the physical characteristics of colonial nesting sites 
to the (in)ability of predators to reach such sites. Because snakes prey upon nestlings at night 
when they remain undetected by the diurnally-active starlings, the birds cannot deter the 
snakes by mobbing them. As a result, metallic starlings appear to select highly distinctive 
colony sites, inaccessible to these nocturnal and highly mobile terrestrial predators. The 
conspicuousness of breeding colonies to predators suggests that predation may be the primary 
driver for selection of stringent nest-site criteria (such as seen in our study) in colonial-
breeding species. In situations where nesting sites are limited, such specific nesting 
requirements by individual birds may have favoured the evolution of colonial breeding. 
Generalities about the criteria driving avian selection of colonial breeding sites undoubtedly 
will be elusive, mostly involving broad notions of predator accessibility: specific features will 
depend on the habitat, the predator, and the prey. However, the nesting ecology of metallic 
starlings in tropical Australia provides a dramatic example of the benefits of judicious 
colony-site-selection behaviour in a predator-rich environment. 
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CHAPTER FIVE 
 
Interspecific interactions between feral pigs and native birds reveal both 
positive and negative effects * 
 
* Currently in press at Austral Ecology: 
Natusch DJD, Mayer M, Lyons JA, Shine R (2016) Interspecific interaction between feral 
pigs and native birds reveal both positive and negative effects. Austral Ecology. 
 
 
Photo: Two snakes become interlocked after attempting to eat the same starling chick. 
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ABSTRACT 
 
In tropical Australian rainforests, predators and scavengers aggregate beneath emergent trees 
that house large colonies of metallic starlings (Aplonis metallica), feeding in the nutrient-rich 
open areas below. Analysis of camera-trap records shows that the presence of feral pigs (Sus 
scrofa) is associated with an absence of birds (cockatoos and bush turkeys), presumably 
reflecting behavioural avoidance (pigs pose a direct danger to birds). However, bird numbers 
increase as soon as pigs depart, then fall if pigs are absent for long periods. Feral pigs thus 
displace native birds from these resource hotspots; but by turning over the soil and enhancing 
the birds’ access to food, the pigs also have a positive impact on food availability for the 
avifauna. Thus, although invasive species have caused irreparable environmental damages 
worldwide, they may also provide positive benefits for certain species. The net benefit of 
such interspecific interactions will depend on the outcome of both positive and negative 
effects. 
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INTRODUCTION 
 
Introduced species have dramatically impacted the ecology of natural landscapes, 
communities and populations of native taxa (Crooks 2002), yet such impacts are not 
exclusively negative (Rodriguez 2006; Bertness & Coverdale 2013). In some cases, invaders 
may reduce numbers of one species, but improve survival of others. For example, in 
temperate southern Australia invasive cane toads (Rhinella marina) fatally poison lace 
monitors (Varanus varius). The consequent reduction in predation pressure by these large 
lizards has enabled population increases for native bush turkeys (Alectura lathami) (Jolly et 
al. 2015). Thus, although invasive species undoubtedly alter the natural balance of natural 
systems, the overall impact of an invader can be ascertained only by understanding 
interspecific interactions among the native fauna, as well as interactions between invaders 
and natives. The outcome of invasions is particularly difficult to predict a priori in systems 
with multiple stressors, where invasive species may have replaced the functional role of 
natives (Zavaleta et al. 2001; Rodriguez 2006). 
One of the most devastating invasive species worldwide is the feral pig (Sus scrofa). Pigs 
cause soil erosion and salination of water bodies, reduce plant species diversity, facilitate the 
spread of weeds, and imperil native and commercially useful species (Laurence & Hamilton 
1997; Chouenot et al. 1997; Hone 2002; Fordham et al. 2006; Barrios-Garcia & Ballari 
2012). Consequently, an extensive scientific literature is dedicated to understanding the 
biology of feral pigs, and predicting and mitigating their impacts (Hone 2002; Nogueria-Filho 
et al. 2009; Barrios-Garcia & Ballari 2012). But are pig impacts exclusively negative, and 
how might their removal affect other species? Removal of feral pigs from several Hawaiian 
islands caused prolific growth of highly flammable exotic grasses, facilitating increases in 
fire frequency that resulted in loss of native forest cover (Stone et al. 1992).  
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At our study site in the Cape York Peninsula of tropical Australia, many species of 
predators and scavengers (including both feral pigs and native birds) aggregate seasonally 
beneath colonies of metallic starlings (Aplonis metallica). Each year, the starlings nest in 
large colonies within emergent rainforest canopy trees. Nutrients (in the form of guano and 
seeds) falling from starlings and their nests massively amplify the available resources below 
the trees (Chapter 1). The current paper was stimulated by an observation made during our 
fieldwork on this system: native birds appeared to be most abundant soon after the sites were 
visited by feral pigs. We speculated that by turning over the soil, pigs might enhance food 
availability for birds. To test that hypothesis, we deployed camera traps at these foraging sites 
to explore relationships between pig presence (and abundance) and the abundance of native 
birds. Specifically, we predicted that: (1) birds would avoid these sites when pigs were 
present (because pigs have wide diets, and are known to be aggressive towards birds: Barrios-
Garcia & Ballari 2012; D. Natusch unpubl. data); but that contrarily, (2) birds would 
congregate at these sites soon after pigs departed, and (3) bird activity would decrease with 
increasing absence of pigs as foraging possibilities decreased. 
 
MATERIALS AND METHODS 
 
Study site and species 
The Lockerbie Scrub at the northern tip of the Cape York Peninsula, Queensland, Australia, 
consists of semi-deciduous notophyll vine forest interspersed with tropical woodlands 
(Neldner & Clarkson 1995). The region experiences an average of 1744 mm of rain annually, 
with most falling in the “wet season” from December to April while the rest of the year 
remains dry (Bureau of Meteorology 2016). In this area, metallic starlings nest communally 
in large emergent canopy trees in rainforest (larger and separate from the surrounding 
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canopy). The birds use the same trees over many years (in our study area, for at least 15 
years; Chapter 1). Fallen bird guano and seeds create an area of nutrient-rich open ground 
beneath each colony, attracting a diverse assemblage of vertebrates and invertebrates that 
utilise this resource (for details see Chapter 1). 
Feral pigs are large (to 200 kg) and highly successful invasive species worldwide. Pigs 
were introduced into Australia with European settlement more than 200 years ago, and since 
that time their population now numbers several million individuals (Hone 1990). Pigs 
frequently utilise the nutrient-rich ground beneath starling colonies, where they feed on 
seedlings, roots and invertebrates in the soil. After visiting these colony sites, the soil is 
overturned and mixed, exposing small invertebrates and fallen seeds that are fed upon by 
native birds (Chapter 2; D. Natusch unpubl. data 2013).  
The most common bird species utilising the ground beneath starling colonies are bush 
turkeys and orange-footed scrub fowl (Alectura lathami and Megapodius reinwardt), sulphur 
crested cockatoos and palm cockatoos (Cacatua galerita and Probosciger aterrimus) and 
emerald doves and bar-shouldered doves (Chalcophaps indica and Geopelia humeralis) 
(Table 1). These species all feed upon roots, seeds and fallen fruit, and bush turkeys and 
orange-footed scrub fowl also consume invertebrates (Pizzey & Knight 2012). 
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Table 1: Mean daily abundance of pigs and different bird species recorded underneath metallic 
starling (Aplonis metallica) colonies using camera traps.  
 
Species Abundance/d (Mean ± SD) 
  Nesting season Off-season 
Pig, Sus scrofa  2.39 ± 4.24 5.45 ± 8.21 
Bush turkey, Alectura lathami 3.13 ± 2.09 6.21 ± 5.42 
Orange-footed scrub fowl, Megapodius reinwardt 0.31 ± 0.71 0.20 ± 0.54 
Sulphur-crested cockatoo, Cacatua galerita 0.39 ± 0.99 0.63 ± 1.31 
Palm cockatoo, Probosciger aterrimus 0.08 ± 0.33 0.80 ± 1.36 
Emerald dove, Chalcophaps indica 0.39 ± 0.67 0.92 ± 1.65 
Bar-shouldered dove, Geopelia humeralis 0.12 ± 0.69 0.28 ± 1.19 
 
 
Data collection 
We used Moultrie® Panoramic 150™ infrared trail cameras to survey six metallic starling 
colony trees for a one-year period between January and December 2014. We deployed 
cameras with a 150° field of view of the colony trees, which allowed us to record all animals 
present in an open area (on average, 10 x 14 m) beneath each tree. To survey multiple trees 
each month, we deployed cameras at each tree for 7 to 30 days. After this period, we removed 
the cameras, changed their batteries, and deployed them beneath another colony (such that 
most colony trees were surveyed every month for one year). Cameras were set to motion 
detection and with a minimum of 5 min between successive shots (to minimize multiple 
photographs of the same animals).  
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Data analysis 
We separated camera-trap records into two seasons: the starling “nesting season” (11 
November to 1 April, from the time birds begin nesting until they leave the trees) and the “off 
season” (the remainder of the year). Presence of an animal species was determined based on 
the presence or absence of the species in a photograph each day. To evaluate the possibility 
that species exclude one another from the foraging site, for each month we randomly selected 
10 photographs from the complete dataset and counted the number of individuals of each 
species per photo.  
To obtain a conservative measure of abundance of each species we recorded the 
maximum number of individuals in a single photograph each day. This approach 
underestimates true abundance, because not all individuals using the site each day will be 
present in the same photograph. To quantify foraging activity, we summed the number of 
individual animals recorded in all pictures taken each day. This approach overestimates the 
number of individuals using the site (because we could not distinguish between individuals). 
We also quantified the proportion of time at least one individual of a given species was 
present at a given tree.  
Our measures of bird abundance and activity were highly correlated (r = 0.84,  
P < 0.001); thus, we only included bird activity as the dependent variable in our analyses. We 
used generalized linear mixed models (GLMM) with a negative binomial response 
distribution using the R package glmmADMB in order to correct for a non-normal 
distribution of the count data (in some days we recorded no birds at foraging sites, while on 
others we recorded hundreds) (Bolker et al. 2012; O’Hara & Kotze 2010). We included 
“foraging site” (i.e., Tree ID) as a random effect in all models. The analyses with bird activity 
as the dependent variable were performed for (1) all bird species pooled, (2) only bush 
turkeys (the most abundant bird species), and (3) the remaining bird species pooled (sample 
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sizes per species were too low to be modelled separately). For the first two analyses we used 
season and pig abundance (including pig presence or activity led to the same results) and the 
interaction thereof as fixed effects, and in the latter analysis we used season, pig abundance, 
bush turkey abundance and their two-way interactions as fixed effects. 
To investigate how pig presence influences bird foraging, we examined how bird activity 
at foraging sites differed between days when no pigs were present, and as a function of the 
duration of time since pigs were last recorded at a tree (separately for all birds pooled, bush 
turkeys alone, and the remaining bird species pooled). To achieve this, we identified days in 
which pigs were not present in any photos, and counted the number of days since a pig was 
last observed. The measures of pig-free days, season (and the abundance of bush turkeys, for 
the analysis concerning other bird species) and interactions between these factors were used 
as fixed effects in these analyses. None of the fixed effects were highly correlated (r < 0.6 in 
all cases). Best models were chosen via a stepwise backward selection removing non-
significant fixed effects. All analyses were performed in R 3.1.1 (R Core Team 2015). 
 
 
RESULTS 
 
Over 543 observation days (156 during the nesting season and 387 during the off-season) we 
recorded 94,576 animals (of seven species) in 19,654 photographs. Pigs (38%) and bush 
turkeys (56%) comprised the majority of records, with other birds making up the remainder: 
palm cockatoos (3%) sulphur-crested cockatoos (2%), emerald doves (1%), bar-shouldered 
doves (0.3%), and orange-footed scrub fowl (0.2%). 
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Feral pigs 
Feral pigs were present during 267 observation days (49.2%). There was no significant 
difference in pig presence at foraging sites between the nesting and the off-season (42% and 
50% of days; β = 0.397 ± 0.223 (SE), P =  0.075). However, pig abundance each day was 
higher during the off-season than during the bird-nesting season (5.45 ± 8.21 vs. 2.39 ± 4.24, 
β = 0.545 ± 0.216, P =  0.012).  
 
Native birds 
Six species made up most of the birds observed beneath starling colonies (Table 1). Birds 
were present at these foraging sites on 531 of 543 observation days (97.8%). Fewer birds 
were observed when pigs were present (pigs present vs. absent: 0.364 ± 1.176 (median = 0) 
vs. 5.384 ± 4.636 (median = 4), β = -2.695, P < 0.001, Fig. 1a), consistent with behavioural 
avoidance of pigs by birds. The activity of all bird species pooled together was highest during 
the off-season, and was negatively related to the abundance (Table 2) and presence of pigs 
(Fig. 1b). Activity of bush turkeys was higher in the off-season and when pig abundance was 
lower (Table 2). The activity of the other bird species pooled together decreased with 
increasing pig abundance and was positively related to the interaction of season and bush 
turkey abundance (Table 2, Fig. 2). Exploration of the interaction revealed that activity by 
other bird species increased with increasing abundance of bush turkeys during the off-season 
(β = 0.161 ± 0.016, P < 0.001), but not during the nesting season (activity: β = -0.019 ± 
0.057, P = 0.739, Fig. 2). 
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Figure 1. Mean plots ± SE showing (a) the number of birds (due to the small sample we only 
observed bush turkeys) on pictures where pigs were present vs. absent, and (b) the activity of all bird 
species comparing days when pigs were present or absent, respectively, separately for the nesting 
(closed dots) and the off (open dots) season.  
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Table 2. Results of statistical evaluation to identify the best model for the activity of all bird species 
pooled, the bush turkeys alone, and the remaining bird species pooled. β = estimated coefficient, SE = 
standard error, LCI = lower limit of the 95% confidence interval, UCI = upper limit of the 95% 
confidence interval. 
 
Parameter β SE LCI UCI P-value 
All birds      
Pig abundance -0.020 0.008 -0.035 -0.004 0.013 
Off-season 1.104 0.146 0.818 1.390 < 0.001 
Bush turkeys      
Pig abundance -0.018 0.008 -0.034 -0.002 0.027 
Off-season 1.033 0.155 0.728 1.338 < 0.001 
Other bird species pooled      
Pig abundance -0.032 0.012   0.005 
Off-season -0.095 0.247   0.699 
Turkey abundance -0.050 0.055   0.367 
* Turkey abundance off-season 0.218 0.056 
  
< 0.001 
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Figure 2. The predicted activity of other bird species (without bush turkeys) in relation to bush turkey 
abundance separately for the nesting (a, not significant) and the off-season (b). Dot sizes indicate the 
number of observations. 
 
In the off-season, bird activity (of bush turkeys, and of all birds pooled) was higher on days 
when no pigs were present but decreased with increasing duration of time since pigs were last 
recorded at a tree (Table 3). A post hoc analysis revealed that bird activity decreased with 
time since the last visit by pigs, but this was true only during the off-season (all birds: β = -
0.088 ± 0.031, P = 0.005; bush turkeys: β = -0.100 ± 0.034, P = 0.004) and not during the 
nesting season (all birds: β = 0.026 ± 0.044, P = 0.560 (Fig. 3); bush turkeys: β = 0.032 ± 
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0.048, P = 0.510). The activity level of the other bird species in days since pigs were last 
recorded at a tree was best explained by the interaction of season and bush turkey abundance 
(Table 3). A post hoc analysis revealed that activity by other birds increased with increasing 
bush turkey abundance during the off-season (β = 0.164 ± 0.028, P < 0.001), but not during 
the nesting season (β = -0.019 ± 0.057, P = 0.739). 
 
Table 3. Results of statistical evaluation to identify the best model for the activity of all bird species 
pooled, the turkeys alone, and the remaining bird species pooled with increasing duration of time 
since pigs were last recorded at a tree. β = estimated coefficient, SE = standard error, LCI = lower 
limit of the 95% confidence interval, UCI = upper limit of the 95% confidence interval. 
 
Parameter β SE LCI UCI P-value 
All birds      
Number of pig-free days -0.062 0.027 -0.115 -0.008 0.024 
Off-season 0.777 0.229 0.328 1.225 0.001 
Bush turkeys      
Number of pig-free days -0.075 0.030 -0.133 -0.017 0.012 
Off-season 0.693 0.245 0.214 1.173 0.005 
Other bird species pooled      
Turkey abundance -0.196 0.118 -0.426 0.035 0.097 
Off-season -0.764 0.514 -1.771 0.243 0.137 
* Turkey abundance off-season 0.359 0.118 0.128 0.589 0.002 
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Figure 3. The predicted activity of all bird species pooled in relation to increasing duration of time 
since pigs were last recorded at a tree. Depicted separately for the nesting (closed dots, dashed line, 
not significant) and the off-season (open dots, solid line). Dot sizes indicate the number of 
observations. 
 
DISCUSSION 
 
Native birds and feral pigs both gather to exploit resource subsidies provided by colonies of 
nesting starlings in tropical Australia. Our analyses support the hypothesis that the activity of 
foraging birds is influenced by the presence of pigs (negatively) but also by the rooting 
activities of pigs (positively). Birds strongly avoid pigs, with birds virtually absent from the 
foraging sites when pigs are present. However, large numbers of birds gather beneath the 
trees soon after the pigs depart, to exploit edible seeds, roots and invertebrates exposed by 
disturbance of the topsoil layer. The decrease in bird numbers after pigs abandon the foraging 
site suggests that pigs facilitate foraging opportunities for birds immediately after their visits, 
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but that this benefit declines over time (presumably because birds consume all accessible 
food resources). 
When multiple taxa utilise the same foraging sites, seasonality can strongly influence the 
intensity of use and types of interspecific interactions (Beisiegel 2007). For example, birds of 
prey aggregate at animal carcasses mostly during the winter months when foraging 
opportunities elsewhere are restricted (Blazquez et al. 2009). The same pressure may explain 
a counter-intuitive feature of our results: at our tropical study site, both feral pigs and native 
birds were far less abundant beneath colony trees during the starling-nesting season than they 
were during the off-season (Table 1). Metallic starling nesting activity coincides with the wet 
season, which is characterized by regular rainfall (exceeding 1500 mm), plant growth and 
resource abundance (Chapter 1; Fell et al. 2009). During this period, pigs and birds may be 
less dependent on the colony trees because resources are abundant within the broader 
landscape. As the dry season approaches and those resources dwindle, the nutrient-rich areas 
beneath starling colonies become sites of great foraging importance.   
A similar mechanism can explain seasonal differences in bird abundance after pigs 
abandon the foraging site. During the nesting season, the activities of nesting starlings 
provide a high and approximately constant supply of invertebrates and fallen seeds beneath 
colony trees (Chapter 1). The abundance and accessibility of these resources simplifies 
foraging opportunities for birds, which do not require pigs to facilitate resource access. By 
contrast, when the nesting season ends, seeds are no longer dropped by the starlings, and 
invertebrate abundance decreases markedly (Chapter 1 and 2). Although the foraging activity 
of bush turkeys and other birds exposes some seeds and invertebrates within the soil, soil 
turnover by pigs massively increases avian accessibility to otherwise-unreachable resources.  
Direct interference competition for food resources among sympatric species is well-
documented (Christensen & Whitham 1993; Atwood & Gese 2008), as are interspecific 
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commensal relationships. For example, insectivorous birds feed upon insects disturbed during 
the foraging activities of ants, coatis and primates (Boinski & Scott 1988; King & Cowlishaw 
2009; Beisiegel 2008). Our results suggest a more complex situation, whereby birds are 
temporarily disadvantaged by pig presence, but obtain improved resource access after pig 
departure. What, then, is the net impact of pigs on bird foraging ability at these sites?  In most 
cases, pigs exclude birds from the foraging site for short periods of time (< 3 h, based on time 
data from camera trap photos), whereas the benefit accrues over longer time periods (often, 
several days before pigs returned). Nonetheless, food consumption by pigs may depress 
resource abundance for birds enough to substantially reduce the potential advantages 
provided by pig-rooting.  
Interestingly, the activity of other native birds (cockatoos and doves) was highest at the 
foraging site at times when bush turkeys were also active, but only during the off-season. 
Plausibly, bush turkeys serve an analogous function to pigs, by providing similar resource 
access (albeit by raking the soil surface, rather than rooting more deeply), but without 
inducing behavioural avoidance. An alternative (but related) hypothesis is that foraging 
alongside bush turkeys provides early warning of the approach of a predator (e.g., Magrath et 
al. 2007).  
Earlier research at our study site has shown that pigs kill seedlings beneath colony trees 
via direct consumption (or indirectly through their foraging activities), creating a zone of 
little or no vegetation surrounding the tree (Chapter 2). This begs the question: what did the 
environment beneath starling colonies look like before pigs were introduced? Presumably, in 
the absence of pigs, seedlings beneath the trees would germinate and mature. The stabilising 
effect of such vegetative growth on soils may have prevented birds from accessing seeds, 
roots and invertebrates in the soil during the dry season. Examples from the literature suggest 
disturbances by invasive species that increase habitat diversity or heterogeneity also cause 
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abundance and/or species diversity to increase (reviewed by Crooks et al. 2002). Plausibly, 
by removing vegetation and allowing access to nutrients beneath starling colonies, pigs may 
have engineered the ecosystem in such a way that increases habitat patchiness and landscape 
heterogeneity more broadly, thus influencing the cascade of species that may have otherwise 
not utilised this resource hotspot. Experimental exclusion of pigs from a number of colonies 
(via large exclusion enclosures) would elucidate the role pig’s play in shaping this unique 
system. 
The success of invasive species in many parts of the world, and their profound influence 
on the native environment, undoubtedly provide a variety of (overlooked) benefits to some 
taxa. For example, most plants provide food for at least some herbivores and microorganisms 
(benefitting those species), yet compete with other plants for light, water and nutrients 
(Crooks 2002). Our study highlights that the impact of invasive species on individual taxa 
may be negative in some ways but positive in others. Other situations in which interspecific 
effects may vary include large carnivores capable of tearing apart the carcasses of large 
herbivores, thus enabling small scavengers to access the resources provided by the carcass 
(Blazquez et al. 2009). While in some contexts those species may be in direct competition, in 
other contexts one species facilitates resource access by the other. In all of these cases, 
disentangling the net benefit of interspecific interactions with invasive species will depend on 
the outcome of both positive and negative effects. 
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CHAPTER SIX 
 
Cane Toads beneath bird rookeries: Utilisation of a natural disturbance by 
an invasive species * 
 
* Currently under review at Currently Zoology: 
Lettoof D#, Lyons JA, Shine R, Maniel G, Mayer M, Natusch DJD# (2016) Cane Toads 
beneath bird rookeries: Utilisation of a natural disturbance by an invasive species. Austral 
Ecology. 
 
#Contributed equally to this work. 
 
 
Photo: An Australian scrub python feeds on a starling chick beneath a colony tree 
 
 
 
	 139 
ABSTRACT 
 
Many invasive species exploit anthropogenically disturbed habitats, but most of those taxa 
evolved long before humans. Presumably, then, an ability to use natural (non-anthropogenic) 
disturbances pre-adapted invaders to a world later degraded by people. Studies on invasive 
species in naturally disturbed habitats thus can clarify the ancestral niche of invaders. In the 
Australian tropics, metallic starlings nest communally in emergent rainforest trees during the 
wet-season, and cane toads (Rhinella marina) join other predators (mammals, birds, reptiles 
and other anurans) to exploit the food resources beneath those trees. Compared to 
conspecifics found along nearby roads through the forest, cane toads beneath bird-nesting 
trees occur at higher densities, and are smaller in body size. The sex ratio is female-biased, 
and recapture records show that females are highly philopatric at these sites (whereas 
recaptures were rare for both sexes found along the roads). Some toads were found under the 
same trees in successive wet-seasons. Spooling showed that distances moved per night were 
similar along the road vs. under the trees, but toads under trees showed lower net 
displacements. Diets also differed (based upon scat analysis), with tree toads feeding more on 
beetles and less on ants. These nutrient-rich hotspots are exploited primarily by adult females 
and juvenile toads, whereas adult males congregate at breeding sites. By magnifying pre-
existing intraspecific divergences in habitat use, bird rookeries may enhance population 
viability of cane toads by enabling the most critical age and sex classes to exploit food-rich 
patches that are rarely used by adult males.  
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INTRODUCTION 
 
Invasive species belong to many phylogenetic lineages, and arise in (and invade) many 
different habitats and geographic regions. Nonetheless, invaders exhibit consistent ecological 
and life-history traits (Kolar & Lodge 2001; Marchetti et al. 2004; Devin & Beisel 2007). 
One of the strongest correlates of invasion success is an ability to thrive in anthropogenically 
disturbed habitats, which are typified by structural simplicity and high resource levels 
(Hansen & Clevenger 2005; MacDougall & Turkington 2005). A specialisation on 
anthropogenically disturbed habitats is seen in many plants (Baker 1974), invertebrates 
(Bolger et al. 2000), fish (Nicol et al. 2004), amphibians (Wang & Li 2009), reptiles 
(Chapple et al. 2015), birds (Lim et al. 2003) and mammals (Nogales et al. 2006). That 
consistency is paradoxical, however, because most or all of these “colonising” taxa separated 
from related species millions of years before Homo sapiens evolved (200000 years ago: 
Watson et al. 1997). Presumably, the invaders already possessed their distinctive ecological 
attributes at that time, so those attributes cannot be adaptations to exploit anthropogenic 
disturbance. Instead, modern-day invaders thrived in areas that resembled those that were 
later created by our activities, and so were pre-adapted to human-degraded habitats. To 
understand how invaders evolved, we need to study them in habitats disturbed by natural 
processes such as fire, floods and hurricanes. However, the large spatial scale of such 
processes often complicates interpretation. Ideally, we need to study a patchy disturbance 
where individual organisms can readily move between the disturbance and the rest of the 
(undisturbed) habitat. 
In the wet tropics of northeastern Australia, metallic starlings (Aplonis metallica) migrate 
from New Guinea each year to nest in massive aggregations in emergent rainforest trees 
(Chapter 1). The ground beneath those trees is enriched by bird faeces and dead nestlings, 
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creating nutrient-rich patches within the rainforest. Predatory mammals, birds, reptiles and 
amphibians gather to exploit those resources (Chapter 1). High densities of soil invertebrates 
and flying insects beneath the trees (Chapter 1) provide abundant prey for insectivores like 
the invasive cane toad Rhinella marina (Linnaeus 1758). In the current paper, we examine the 
ecology of toads in this area, by comparing toads collected beneath bird-nesting trees with 
conspecifics collected along nearby roads. 
 
 
MATERIALS AND METHODS 
 
Study species 
Cane toads (Rhinella marina; Bufo marinus in earlier literature) are native to South and 
Central America, but have been translocated to many countries around the world in attempts 
to control troublesome insect pests (Lever 2001). The toads were released in northeastern 
Australia (~ 1000 km south of our study area) in 1935, and expanded their range to colonise 
the tip of Cape York by 1995 (Urban et al. 2007). Adult cane toads can grow to > 1 kg, but 
typically average around 100 to 300 g (Phillips et al. 2007). Female cane toads lay large 
clutches of small eggs in ponds, and the resulting tadpoles metamorphose at small sizes  
(< 0.1 g) within a few weeks (Zug & Zug 1979; Lever 2001). All terrestrial phases of cane 
toads are primarily insectivorous, but take occasional vertebrate prey (Lever 2001). The toxic 
bufadienolide defences of toads have caused catastrophic mortality of endemic anuran-eating 
predators in Australia (Shine 2010). 
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Study system 
The Lockerbie Scrub is an isolated patch of rainforest within a woodland mosaic, at the 
extreme northern tip of Cape York Peninsula in Queensland, Australia. To the north, 150 km 
across Torres Strait, lies Papua New Guinea. Mean monthly temperatures vary from  
26 to 28 °C year-round, but rainfall is concentrated in a four-month “wet-season” (December 
to April) each year (mean rainfall in February = 475 mm, in August < 20 mm: MLA 2016).  
Each wet-season, vast numbers of metallic starlings (Aplonis metallica) arrive in the 
Lockerbie Scrub and nest communally in emergent rainforest trees (Natusch et al. 2016). The 
birds attract an array of local predators that feed on fallen nestlings, and invertebrates in the 
guano-enriched soil beneath the tree (Natusch et al. 2016; see Fig. 1). During the season 
when birds are breeding, the open ground beneath each bird-nesting tree often contains 
predatory mammals (dingos), birds (bush turkeys, cockatoos), reptiles (snakes) and 
amphibians. In the course of three nesting seasons (total of 1353 nocturnal visits to trees) we 
have recorded 6098 anurans (although many of those animals doubtless were recorded 
multiple times). Ninety-eight per cent of these records were invasive cane toads (Rhinella 
marina) whereas the rest were native frogs (white-lipped treefrogs Litoria infrafrenata  
n = 75; northern banjo frogs Limnodynastes terraereginae n = 15; marbled frogs 
Limnodynastes convexiusculus n = 12; green tree frogs Litoria caerulea n = 11). We also 
frequently recorded cane toads on the sides of the unpaved roads that we drove along to reach 
the nesting trees (n = 1,372 records). The roads traverse many habitat types, and cross small 
streams, so our road-based sample should reflect the wider population of cane toads within 
our study area. 
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Figure. 1  (a) An emergent rainforest tree with nests of metallic starlings, showing bare ground 
beneath the tree; (b) aggregation of predators at night beneath a bird-nesting tree, and (c) a cane toad 
Rhinella marina eating a nestling starling beneath a bird-nesting tree. Photographs by R. Shine (a),  
D. Natusch (b) and D. Lettoof (c). 
 
 
To identify the ecological correlates of exploiting natural disturbance (the open ground 
beneath bird-nesting trees), we compared the attributes of toads found at these sites 
(henceforth, “tree toads”), to those of conspecifics found nearby along the edges of roads 
through the forest (henceforth, “road toads”).  
On most nights during the bird-nesting season, we surveyed two to 12 bird-nesting trees 
plus associated roads. The trees were 20 - 200 m from the nearest road, so we walked to the 
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trees (1930 to 2300 h) and counted cane toads as well as other fauna. These surveys were 
conducted over three bird-nesting seasons (2013-14, 2014-15, 2015-16). Over a subset of this 
period (01-Mar to 05-Apr 2015), we hand-captured all toads found under trees, plus an 
approximately equal number from nearby roads. Captured toads were housed individually in 
cloth bags for 48 h, and any faeces produced over that time were preserved for later analysis 
(identification of prey fragments). Toads were measured (snout-urostyle length), weighed 
(after expelling urine from the bladder), and individually marked (toe-clipped) before being 
released at their site of capture. Sex was determined based on skin rugosity, colour and the 
release call (Lever 2001). Toads re-sighted on subsequent nights were recorded but not 
returned to the laboratory, so each individual is represented only once in each dataset for 
faecal samples or morphology. 
To quantify movements, we attached cotton spools to selected toads using a metal-link 
waistbelt (see Ward-Fear et al. 2016 for detailed methods). The toads were then released, and 
we returned the following day to measure their overnight movements and remove the belts. 
From the cotton trail, we recorded total distance travelled, and net displacement (distance 
from origin to end of trail). 
We conducted statistical analyses of these data using JMP Pro 11.0 (SAS Institute, Cary 
NC). Where required, we log-transformed variables to satisfy the assumptions of normality 
and variance homogeneity. To compare toads from beneath the bird-nesting trees to those 
found along the road, we used ANOVA or ANCOVA for continuous variables (size, 
movements, dietary composition) and logistic regressions for nominal variables (sex, 
recapture). 
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RESULTS 
 
Densities of toads 
During the period of intensive study, we recorded an average of 0.05 toads per square metre 
of open ground under the bird-nesting trees (SE = 0.003, range = 0 to 0.25; a maximum of  
35 toads under a single tree). In comparison, we found an average of 0.0001 toads per metre 
of road along nearby road sections (SE = 0.00003, range = 0 to 0.0005; a maximum of  
96 toads in a single road survey). Even if we (conservatively) assume that the only usable 
habitat for each “road toad” was a 1 m wide strip running along each side of the road, toads 
were more concentrated under the bird-nest trees than along the roads, by a factor of at least 
100 (one-way ANOVA with capture location [road vs. tree] as the factor: F1,282 = 44.9,  
P < 0.0001). 
 
Sexes and body sizes of toads 
Of 85 road toads, 41 (48%) were females; in contrast, 67 of 84 tree toads were female (80%; 
log-likelihood ratio χ2 = 18.69, 1 df, P < 0.0001). Because female cane toads grow larger 
than males (Lever 2001), we included sex as well as location as factors in an ANOVA to 
examine body sizes. Females averaged larger than males overall (F1,140 = 7.68, P < 0.01), and 
road toads were larger than tree toads (F1,140 = 21.44, P < 0.0001). The size disparity between 
the sexes was similar in tree toads vs. road toads (interaction F1,140 = 0.15, P = 0.70; Fig. 2a).  
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Figure 2. Comparisons between male and female cane toads captured under bird-nesting trees, and 
conspecifics found beside nearby roads, in terms of (a) body sizes (snout-urostyle lengths), and (b) 
net displacements per night (based on cotton-spooling). Mean values are shown with associated 
standard errors. 
 
Philopatry of toads within a season 
Of 171 individually-marked toads, 47 (27%) were re-sighted on at least one subsequent night. 
Of 85 marked toads found on the road, we recaptured 1 of 44 males (2%) and 2 of 41 females 
(5%). In contrast, we recaptured 6 of 17 male tree toads (35%) and 37 of 67 female tree toads 
(55%). All were found under the same tree where they were initially marked. Logistic 
regression showed that the probability of recapture was higher at trees than on the road  
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(χ2 = 33.33, 1 df, P < 0.0001) but was not influenced by sex (χ2 = 1.48, 1 df, P = 0.22; 
interaction location*sex χ2 < 0.001, 1 df, P > 0.98). The maximum number of captures per 
toad was two on the road, and eight under the trees.  
 
Philopatry of toads between successive seasons 
Of 84 toads captured beneath trees during the intensive field period in 2015, we recaptured 
only four individuals the following season despite large numbers of toads (up to 30 beneath 
single trees) continuing to utilise the trees. All recaptured individuals were females. We did 
not recapture any originally-marked road toads the following season.  
 
Movements of toads 
The total distances moved by toads did not differ between tree vs. road animals (means 216 
vs. 175 m; F1,25 = 2.23, P = 0.15; sex effect and interaction NS) but net displacements were 
lower for tree toads (51 vs. 139 m; F1,25 = 15.47, P < 0.001; sex effect and interaction NS; see 
Fig. 2b). Thus, an ANCOVA with location as the factor, total distance moved as the 
covariate, and displacement as the dependent variable, shows that tree toads displaced shorter 
distances even after variation in overall distances moved was included in the analysis 
(location F1,24 = 11.91, P < 0.003). 
 
Dietary composition of toads 
We obtained faecal samples from 57 toads (25 from tree toads, 32 from road toads), 
generating a total of 1051 identifiable prey items. Of those items, all but three were 
invertebrates, primarily Coleoptera (beetles, n = 447) and Hymenoptera (ants, n = 353), but 
also Isoptera (termites, n = 140), Orthoptera (n = 60), Myriapoda (n = 19), Arachnida 
(Scorpiones, n = 18), Blattodea (n = 5), Diptera (n = 2), Heteroptera (n = 2), Diplura (n = 1), 
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and Neuroptera (n = 1). The only vertebrate prey were three blindsnakes (Ramphotyphlops 
braminus, 465 to 630 mm body length; two in one toad), although we also observed 
numerous toads consuming starling chicks that had fallen from their nests (Fig. 1c). 
 
 
 
Figure 3.  Comparisons of prey items identified from cane toads captured under bird-nesting trees, vs. 
conspecifics found beside nearby roads, in terms of the proportion of the diet composed of ants (a) 
and beetles (b). Mean values are shown with associated standard errors. 
 
Preliminary analyses revealed no significant effects of toad sex or body size on dietary 
composition (all P > 0.05). The mean number of prey items identified per faecal sample was 
similar for tree toads and road toads (means of 15.9 vs. 20.4 respectively; F1,569 = 1.31,  
P = 0.26) but dietary composition differed (repeated-measures ANOVA with prey Family as 
the repeated measure; toad location F12,39 = 2.15, P < 0.04). That divergence was driven 
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largely by a higher proportion of ants in road toads, and beetles in tree toads (Fig. 3). If we 
repeat the analysis using data for only beetles and ants, the tree vs. road divergence remains 
significant (F2,50 = 3.80, P < 0.03).  
 
 
DISCUSSION 
 
Like many invasive species, cane toads are most abundant in anthropogenically disturbed 
habitats, both in the species’ native range (Zug & Zug 1979; Isaacs & Hoyos 2010) and in its 
invaded range in Australia (Pearson et al. 2009), and elsewhere (Zug et al. 1975; McKeown 
1996). Many authors have attributed this pattern to human-modified areas offering enhanced 
availability of water (Florance et al. 2011; Tingley et al. 2013) and nutrients (e.g., insects 
attracted to artificial lights, dung beetles in cattle faeces: González-Bernal et al. 2013), 
coupled with reduced competition and predation by local fauna (Cabrera-Guzmán et al. 
2013).  
The response of cane toads to “natural” (non-anthropogenic) disturbance has attracted 
less scientific attention. In Australia, however, toads have been recorded to move into 
recently-burned areas (Virkki 2014). Cane toads consistently select relatively open areas at 
night, which may allow these sit-and-wait predators to detect edible insects more easily than 
in a densely vegetated area (Zug & Zug 1979; Lever 2001; González-Bernal et al. 2011). As 
a result, cane toads use “natural” open areas such as the sandy banks of streams, and paths or 
close-cropped grassland created by wallabies (Mayer et al. 2015; R. Shine, pers. obs.). The 
ground beneath bird-nesting trees similarly offers an open flat area, because vegetation is 
removed by foraging pigs and native bush turkeys (Chapter 1). The primary attraction of 
bird-nesting trees for cane toads is nutritional, however: similarly open, flat areas within the 
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forest (and especially, along the roads) have far lower densities of toads than do the bird-
nesting trees (see above). The scarcity of native frogs beneath bird-nesting trees offers a 
strong contrast to the aggregations of cane toads in such sites, and suggests that the invasive 
anuran is far better at exploiting these resource hotspots than are the other amphibian taxa 
that occur in the area. 
Cane toads that we found beneath bird-nesting trees differed in mean body sizes and sex 
ratios from toads that we found along nearby roads. The sample from trees comprised 80% 
female (vs. close to 50% female on roads), and included many smaller animals (Fig. 2a). Our 
mark-recapture and spooling data suggest that this sex bias reflects differential philopatry. 
Adult female toads were found repeatedly under the same tree, whereas males under trees 
dispersed within a few days at most. Despite the small sample, this pattern was broadly 
confirmed by the greater number of females recaptured beneath trees after one year. For 
specimens found on the road, displacement rates were higher (and thus, recapture rates were 
lower). 
The lower net displacements of tree toads were due to a different pattern of movement 
rather than a decrease in total activity. Toads from the two types of locations moved similar 
distances overall, but the movements of road toads were far more linear (along the road) 
whereas tree toads meandered about, remaining close to the initial point of release. Research 
at the invasion front has shown that toads often disperse along roads (Brown et al. 2006), and 
(despite the long period since colonisation) the animals in our study site used roads in the 
same way. Many of these animals may have been returning to familiar sites containing 
specific resources, as reported for cane toads in other populations (e.g., Boland 2004). 
Cane toads have generalised diets, mostly feeding on small insects (e.g., Zug et al. 1975; 
Ingle & McKinley 1978; Evans & Lampo 1996; Lever 2001). Nonetheless, local populations 
of cane toads diverge in diets as a function of prey availability (Bailey 1976; Freeland et al. 
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1986; Grant 1996). Although we have no specific data, casual observation suggests that 
beetles are far more common in the nutrient-rich soil under bird-nesting trees than on the hard 
open soil beside roads. Plausibly, then, availability drives the difference in prey types 
between tree toads and road toads. Bird-nesting trees also provide access to occasional large 
prey items such as nestling birds (Fig. 1c); and in the same way, roads may offer access to 
road-killed animals (Lever 2001). Unusually among anurans, cane toads take stationary as 
well as moving prey (Lever 2001), so carrion may form a significant proportion of the diet at 
some times and in some places. Occasional predation by cane toads on nestling birds has 
been reported previously (Boland 2004; Beckmann & Pizzatto 2011). 
Within the broader context of cane toad biology, the patterns we detected may be an 
exaggerated development of pre-existing intraspecific divergence in habitat use. Even in an 
undisturbed “natural” landscape, cane toads of different sexes and ages are found in different 
microhabitats (González-Bernal et al. 2015). As in many anurans, adult males are 
concentrated around breeding sites close to water (Wells 2010). In contrast, females avoid 
such sites (thereby reducing harassment by males: Bowcock et al. 2009) and instead spend 
their time feeding in the matrix habitat between waterbodies. Female cane toads prefer 
forested areas that provide both food, and protection from predators (González-Bernal et al. 
2015). Consistent with those studies, we found that female toads were more common, and 
more philopatric, under bird-nesting trees than along more open roadside verges. 
Even in undisturbed areas, cane toads gather around sources of food as well as of water. 
The carcasses of dead animals often are surrounded by several toads, feeding on insects 
attracted to the corpse (see photograph in Shine 2014); and bee-hives attract groups of toads 
also (Lever 2001). Human disturbance magnifies that resource heterogeneity, because houses 
provide both water and food (e.g., dripping air-conditioner hoses, insects attracted to lights). 
In a study conducted in the wet-dry tropics of the Northern Territory, González-Bernal (2012) 
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found that aggregations of toads around houses, especially during the tropical dry-season, 
disproportionately consisted of adult females and juveniles – just as we found for the bird-
nesting trees. Thus, a trend for sex-biased and size-based exploitation of the resources 
available in disturbed habitats is a consistent theme in cane toad biology. The habitat 
differences between sex and age classes are relatively minor in undisturbed areas, but the 
greater heterogeneity caused by disturbance (whether it be due to bird-nests or buildings) 
exaggerates the degree of intraspecific niche partitioning. 
Although the specific habitat-choice behaviours of individual toads presumably reflect 
advantages to the individual (in survival, food intake, etc.), the phenomenon may have 
important consequences for population viability. A reduction in survival rates or feeding rates 
of adult males is unlikely to have severe effects at a population level, because male anurans 
typically can breed at far higher rates than females (as is evident from highly male-biased sex 
ratios around breeding ponds: Wells 2010). The observed pattern of intraspecific niche 
partitioning gives female and juvenile toads disproportionate access to patches of well-
watered, high-nutrient conditions. Thus, this system may have facilitated the success of the 
cane toad as an invasive species, especially during early stages of colonisation when numbers 
are low. Intraspecific niche partitioning directs the most demographically important 
population component (adult females) to localised patches of highly favourable conditions. 
Under this view, a pre-existing divergence in habitat choice among age and sex classes (in 
response to subtle habitat heterogeneity in undisturbed environments) pre-adapts cane toads 
to exploit the greater heterogeneity created by “natural” disturbance, and the even greater 
heterogeneity created by human activities. Similar analyses on habitat use by other invasive 
species would be of great interest, to see whether this scenario of invader pre-adaptation 
applies more widely. 
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APPENDIX 2. 
 
SUPPLEMENTARY MATERIAL 1 
 
Soil testing 
EAL developed an Australian version of the Albrecht/Reams soil test (RA-PACK-01) in 
1998; suitable for Australian soil types. It has been refined to include: 
• standard Australian testing for exchangeable cations (Ca, Mg, K, Na, H, Al) 
• plant available micronutrients (Fe, Cu, Zn, Mn, B, Si) 
• phosphorus tests (Bray 1, Bray 2, Colwell) 
• nutrients (Nitrate, Ammonium, Sulfur) 
• ‘Reams' dilute Morgan extract for determining soluble nutrients (Ca, Mg, K, P) 
• pH, electrical conductivity, basic colour, basic texture, total LECO carbon and total 
LECO nitrogen 
 
 
An extended suite of tests is also available (RA-PACK-02) to give additional information on 
nutrients adsorbed to soil particles and organic matter. To obtain this information, not 
available through traditional testing, the following is undertaken: 
• RA-PACK-01 tests 
• 'Pseudo-totals' extracted with concentrated acids (Ca, Mg, K, Na, S, Fe, Cu, Zn, 
Mn, B, Al, Si, P, Co, Mo and Se) 
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Soil analysis reports are provided with desirable levels, based on soil texture, to assist soil 
management. EAL can also arrange for an independent soil fertility report to be 
commissioned at the client's request. A large range of additional soil tests are described in the 
Full Analytical Services Price List. Popular additional tests include: 
• labile carbon (SS-SING-018) 
• Phosphorous Buffer Index (SS-SING-037) 
• chloride (SS-SING-038) 
• pH - CaCl2 (SS-SING-066) 
• phosphorous - Olsen (SS-SING-034) 
 
See http://scu.edu.au/eal/index.php/23 for more methodological details. 
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SUPPLEMENTARY MATERIAL 2 
Table S1. Loadings for first Principal Components (PC1) produced from analyses on a) vegetation 
characteristics for colony and random trees, b) vegetation characteristics from colony trees only, and 
c) soil characteristics from colony and random trees. Loadings represent correlation coefficients 
between individual variables and values of PC1.  
 a) 
 
b) 
Variable PC1 loading (48.1%) 
% canopy cover 0.43654 
% veg cover 0.40831 
# fallen nests -0.22943 
# nests overhead -0.42539 
# live stems 0.44957 
# dead stems -0.45498 
 
c) 
Variable PC1 loading (71.8%) 
Calcium 0.92495 
Magnesium 0.99028 
Potassium 0.97659 
Phosphoros 0.93405 
Nitrate nitrogen 0.72079 
Amonium nitrogen 0.68333 
Sulfur 0.96386 
pH 0.82864 
Conductivity 0.98546 
Organic matter 0.97267 
Sodium 0.84619 
Aluminum -0.38776 
Hydrogen -0.44147 
Effective cation exchange capacity 0.95773 
Zinc 0.97259 
Manganese 0.82280 
Iron 0.16478 
Copper 0.93327 
Variable PC1 loading (47%) 
% canopy cover 0.44361 
% veg cover 0.36349 
#fallen nests -0.27671 
#nests overhead -0.44478 
# live stems 0.41711 
# dead stems -0.47193 
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Boron 0.97113 
Silicon 0.85461 
 
